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Abstract 
Thiamine and riboflavin vitamers are present in a wide range of foods including beer. 
They play critical roles in a variety of enzymatic complexes and can promote and 
maintain metabolism. Currently, the presence and role of these vitamers in the malting 
and brewing industry has not been widely explored. This research has investigated the 
effects of various malting and brewing processes on the final thiamine and riboflavin 
vitamer content of finished beer. In order to achieve this, a highly accurate and 
reproducible HPLC (spike recovery > 95 %; RSD < 5.0 %) method was developed that 
allowed the separation of thiamine diphosphate (TDP), thiamine monophosphate (TMP), 
thiamine, riboflavin 5-phosphate (FMN) and riboflavin in various sample matrices. This 
method was utilised to determine the vitamer content of various cereals and malts and it 
was found that malting vastly alters the thiamine content of malted barley, while it has 
minimal effect on riboflavin content. When malted barley is roasted, all vitamers are 
rapidly degraded. The mashing process releases the various vitamers into a solution and 
this release is dependent on temperature and enzymatic activity, while wort boiling 
significantly reduces the vitamer content of the wort. During fermentation, the thiamine 
content of wort is quickly utilised within the first six hours of standard fermentations and 
the uptake of this vitamin is not affected by increases in wort gravity. Meanwhile 
riboflavin is only poorly utilised during these fermentations. Post-fermentative additives, 
such as the addition of tannic acid and potassium metabisulphite, negatively affect the 
vitamin content of the final product while phosphorylated forms of these vitamins are 
greatly affected by the addition of many post-fermentative processing aids/additives. The 
presence of both thiamine and riboflavin can enhance the spoilage of beer by known 
brewery spoilage organisms, and the incorrect storage of bottle-conditioned beer can 
negatively affect the vitamin and organoleptic properties of the final product. These 
various steps involved in the production of beer greatly affect the final vitamin content, 
and this knowledge helps to explain the large variation in the thiamine and riboflavin 
vitamer content of a survey of 204 commercially available beers. This survey concluded 
that despite the large variations within particular styles of beer, lagers contain the least 
amount of thiamine compared to ales, stout/porters and wheat beers. However the average 
riboflavin content of the tested beers was statistically similar (p = 0.608) across all of the 
styles. This is due to the limited utilisation of this vitamin during fermentations.   
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Chapter 1 - Introduction 
Beer is a staple alcoholic beverage in many countries and is enjoyed at times of 
celebration, commiseration, and to relax and unwind. It has lasted through times of 
revolution, world wars, prohibitions and natural disasters. Beer is a product that is 
estimated to be at least 6000 years old (Braidwood 1953; Katz et al., 1986; Hornsey 
2003) and no doubt will remain prevalent into the future. Over the past 200 years, brewers 
have started to understand the science behind beer production allowing them to better 
control the processes and produce highly consistent and enjoyable products.  
 
Brewing research has primarily focussed on such elements as starch conversion, ethanol 
production, hop chemistry and protein removal. Other minor components such as 
vitamins have not been readily investigated in beer. These micronutrients can have an 
effect on the final organoleptic properties of a particular beer and they have the potential 
to enhance/hinder the beer making process. To date, the only vitamin that has been 
associated with beer quality is riboflavin.  Several authors have linked the formation of 
the skunky flavour 3-methylbut-2-ene-1-thiol (MBT) with riboflavin (Furuya et al., 1984; 
Goldstein et al., 1993; Goldsmith et al., 2005; Cardoso et al., 2006; Pozdrik et al., 2006). 
In the presence of light, riboflavin forms free radicals that interact with non-isomerised 
hops in beer to form MBT. In an attempt to overcome this issue, some breweries use 
isomerised hop extracts that cannot be degraded. If riboflavin can have this effect on a 
final product, it is likely that the presence of other vitamins, such as thiamine, may also 
influence the final product. It is well known that thiamine shows instability to heat 
(Beadle et al., 1943; Bendix et al., 1951; Arnold et al., 1971) and this may result in 
unwanted sulphury compounds being produced in the kettle or post fermentation 
(pasteurisation). In addition, the release of these vitamins from the yeast in bottle-
conditioned beer may change the overall flavour, producing an organoleptically unstable 
product.  
Despite several authors reporting the presence of these vitamins in malt and beer (Laufer 
et al., 1942; Davis et al., 1943; Hopkins 1944; Graham et al., 1970; Voss et al., 1976, 
1978; van Heerden et al., 1987; van Heerden 1989; Malleshi et al., 1998; Bamforth 2002; 
Pietercelie et al., 2003; Vinas et al., 2003; Fossati 2004; Vinas et al., 2004; Anyakora et 
al., 2008), these studies have not fully investigated the potential differences between 
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styles of malt and barley that are available. Differences in the thiamine and riboflavin 
vitamer content have not been explored in great depth within these styles and these 
differences have not been linked to production effects.  
 
After water, malted barley is the next major ingredient used in the production of beer and 
therefore plays a critical role within the brewing process. Not only does it supply a brewer 
with a source of convertible starch, but it also supplies the other nutrients required by 
yeast during fermentation. This would infer that changes in malt composition through 
various malting processes could affect the vitamin content and therefore add to the 
vitamin profile to the wort. Processes during malting and the temperature conditions 
experienced during roasting could have a significant effect on the final vitamin content. 
This could affect the fermentation capacity as vitamins such as thiamine and riboflavin 
have been linked to cellular growth (Harden et al., 1924; Briggs 1998; Bender 2003; Ball 
2005). It is therefore possible that malt with high thiamine and riboflavin contents will 
produce higher vitamin worts that could enhance yeast performance and bacterial spoilage 
(Snell 1945; Kitay et al., 1950; Rainbow et al., 1953; Trevelyan et al., 1954; Moore et al., 
1955; Ziro 1955; Iwashima et al., 1973; Marobbio et al., 2002). The influence that 
riboflavin and thiamine may have on fermentation performance and bacterial spoilage of 
a beer has not been readily investigated. If these vitamins are a requirement for these 
organisms it could be expected that an increase in the vitamin content would enhance 
growth and potential spoilage of a beer.  
 
It is the aim of this research to develop a highly accurate, simple and efficient method of 
analysis for several thiamine and riboflavin vitamers within beer and beer related sample 
matrices. Using this method, this research will investigate the effects on the final thiamine 
and riboflavin vitamer content of:  
 
[1] The malting and roasting process;  
[2] Wort production;  
[3] Fermentation;  
[4] Brewery additives and processing aids;  
[5] Downstream processes; and 
[6] Bacterial spoilage. 
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Finally, it is the objective of this research to try and explain differences in thiamine and 
riboflavin content in various styles of commercially available beer. 
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Chapter 2 - Literature Review 
 
2.1. Introduction 
Beer is an intergrated component of today’s society being consumed in the vast majority 
of countries across the world. It is so prevalent in modern societies that large beer 
festivals such as Oktoberfest (DE), Great British Beer Festival (UK), Cambridge Beer 
Festival (UK), Brewtopia (USA), Great American Beer Festival (USA), Beervana (NZ), 
Belgium Beer Weekend (BE) and the Australian Beer Festival (AUS) just to name a few, 
are held annually attracting thousands of people from around the world.  
 
Scientists have spent the last 200 years trying to increase their understanding of beer and 
the brewing process. This has allowed brewers to produce stable and consistent products 
that can be enjoyed around the world. This chapter will provide an overview of the 
processes involved in producing beer, and specifically review the current knowledge of 
the role that vitamins, such as thiamine and riboflavin, play within the beer production 
process.  
 
 
2.2. Vitamins 
The term “vitamin” is a generalised and commonly used word to describe a variety of 
compounds that chemically have very little in common (Combs Jr 1998; Bender 2003; 
Ball 2004, 2005). This term is derived from ‘vitamine’, in which vita is Latin for life and 
amine for the reactive group (Bender 2003). However, it was later found that not all 
vitamins have amino functional groups (Bender 2003). Despite this, the name was still 
retained but the “–e” was dropped off to avoid any confusion (Bender 2003). Despite their 
chemical differences, all vitamins exhibit similar traits, as they are utilised in various 
metabolic processes as enzyme co-factors to support and maintain cellular growth. 
Without the presence of vitamins, deficiencies are created that can result in disease in 
humans such as Beriberi, Scurvy, Pellagra and Rickets (Combs Jr 1998; Bender 2003; 
Ball 2004, 2005). Commonly though if a particular vitamin is deficient in a cell, it can 
cause a variety of unwanted growth defects that can lead to cellular death. 
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Currently there are thirteen compounds generalised as “vitamins” and they include the 
lipid-soluble retinol (Vitamin A), calciferol (Vitamin D), tocopherol (Vitamin E) and 
phylloquinone (Vitamin K), while the water soluble vitamins (sometime referred to as the 
B-group vitamins) are thiamine (Vitamin B1), riboflavin (Vitamin B2), niacin (Vitamin 
B3), pyridoxine (Vitamin B6), pantothenic acid (Vitamin B5), biotin (Vitamin H), 
cobalamin (Vitamin B12), folic acid (Vitamin B9)  and ascorbic acid (Vitamin C) (Table 
2.1). Despite their chemical differences all of these vitamins are organic compounds that 
are required in small amounts to maintain and support cellular growth (Sharp 1990). 
Generally, these vitamins are metabolised into various biologically active forms (Table 
2.1), referred to as vitamers, and further utilised within cellular processes. Throughout 
this work, the term “vitamins” will be used to describe the base vitamins (thiamine and 
riboflavin) and “vitamers” will describe all of the various forms of a vitamin (TDP TMP 
and thiamine). 
 
Bamforth (2002) reported that only negligible levels of lipid soluble vitamins were 
present in beer and this is likely due to the low fat content. Several authors have reported 
various water-soluble vitamins in beer (Hopkins 1943, 1944; Stringer 1946; Graham et 
al., 1970; Voss et al., 1976; Bamforth 2002, 2004; Fossati 2004; Owens et al., 2007; 
Buiatti 2009; Hillemacher et al., 2009; Nanadoum et al., 2009). However, these studies 
have only been limited investigations and the role these vitamins play in the malting and 
brewing industries has not been investigated in depth. Furthermore, the presence of the 
various forms in which the vitamins exist (vitamers) in beer has not been investigated. 
Due to the complexity of investigating, all of the known water-soluble vitamins and their 
respective vitamers, only thiamine and riboflavin vitamers (two of the major vitamins 
reported in beer) were chosen for this investigation. These two vitamins were also chosen 
due to their two vastly different roles in cellular metabolism (thiamine – fermentation; 
riboflavin – oxidation). 
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Table 2.1. Basic description of the thirteen identified vitamins.  
(Ball 1939; Vershinin 1999; Munne-Bosch et al., 2002; Prasad et al., 2003; Ball 2004, 
2005; DellaPenna et al., 2006; Azzi 2007; Rojas-Rivera et al., 2010) 
Vitamin 
Biologically active 
forms (vitamers) Function 
Lipid-soluble vitamins 
Retinol (A) 
Retinol, retinal, retinoic 
acid, β-carotene 
Vision and immune systems in animals; 
photosynthesis and cell membrane 
reinforcement  
Calciferol (D) 
Ergocalciferol (D2), 
cholecalciferol (D3) 
Calcium and bone metabolism in 
animals 
Tocopherol (E)  α-, β- and γ- tocopherol Antioxidant function within cells 
Phylloquinone (K) 
Menaquinone 
(animals/bacteria)  
Phylloquinone (plants) 
Bone production, blood clotting factors 
(animals); conversion of glutamate to γ-
carboxyglutamate (animals/bacteria); 
photosynthesis (plants)  
Water-soluble vitamins 
Thiamine (B1) 
Thiamine pyrophosphate 
(TDP) 
Thiamine triphosphate 
(TTP) (animal skeletal 
and brain tissue) 
Coenzyme in energy production 
pathways and amino acid synthesis such 
as pyruvate decarboxylase, aldehyde 
dehydrogenase 
Riboflavin (B2) 
Riboflavin 5’-phosphate 
(FMN) and flavin 
adenine dinucleotide 
(FAD) 
Coenzyme in flavin enzymes and 
flavoproteins required in 
oxidation/reduction reactions inc. 
TCA and β-oxidation 
Niacin (B3) 
Nicotinamide adenine 
dinucleotide (phosphate) 
NAD(H), NADP(H) 
Coenzyme in redox reactions in 
catabolic and biosynthetic processes inc. 
glycolysis, TCA, ethanol synthesis etc. 
Pantothenic acid 
(B5) Coenzyme A 
Central role as functional moiety  of 
Coenzyme A 
Pyridoxine (B6) 
Pyridoxal 5- phosphate 
(PLP) 
Coenyzme in >100 complexes 
associated with amino acid 
(kynureninase - tryptophan metabolism) 
and lipid metabolism and biosynthesis of 
biogenic amines such as histamine (via 
amino decarboxylases) 
Folic acid (B9) 
Tetrahydrofolate (THF) 
5-methyl-THF, 10-
formyl-THF 
Carrier of one-C fragments in amino 
acid, nucleotide and DNA synthesis 
Cobalamin (B12) 
Methyl-, cyano-, 
adensoyl- cobalamin 
Required as a coenzyme in methionine, 
nucleotide and DNA synthesis  
Biotin (H) Biotin 
Coenzyme in a small number of 
carboxylation reactions inc. pyruvate 
carboxylase 
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2.2.1. Thiamine (Vitamin B1) 
Thiamine is a quaternary amine that is comprised of pyrimidine and thiazole moieties that 
are linked by a methylene bridge (Fig 2.1), which can exist as mono- or divalent cations 
depending on the pH (Bender 2003; Ball 2004, 2005). Thiamine is technically not an 
‘amine’ and formally should be referred to as ‘thiamin’; however, the conventional name 
‘thiamine’ is accepted as a common and scientific term.  
Thiamine is heat liable in neutral to alkaline pH solutions but is stable at high temperature 
(>100 °C) in acidic solutions (Beadle et al., 1943; Bendix et al., 1951; Arnold et al., 
1971; Kawasaki et al., 2000), and is easily degraded by sulphite ions which can occur 
rapidly (24 hours) (Mapson et al., 1961; Leichter et al., 1969; Jarosensanti et al., 1981; 
Quattrucci et al., 1992). Within biological systems thiamine can exist as four known 
vitamers; [1] thiamine, [2] thiamine monophosphate (TMP), [3] thiamine diphosphate 
(TDP) and [4] thiamine triphosphate (TTP) (Fig 2.1). 
 
 
 Figure 2.1. Structure of the thiamine vitamers. 
 
 
8 
 
TDP and TTP are the only biologically active forms of this vitamin, with TMP providing 
only an intermediate role between thiamine and the diphosphate form. While TTP has 
only been found in the brain and muscle tissue of animals(Bettendorff et al., 1993; 
Bettendorff et al., 2009), TDP has been found in various organisms as cofactors for 
numerous enzyme complexes. One highly important role of TDP is its incorporation into 
decarboxylation enzymes such as pyruvate decarboxylase and dehydrogenase enzyme 
complexes. (Suzue 1958a, 1958b; Meshalkina et al., 2009). Deficiencies in this vitamer 
can lead to diseases such as Beriberi (neurological and cardiovascular degradation) and 
Wernicke-Korsakoff’s encephalopathy (serve neuropathlogical changes in the brain 
resulting in poor brain function - in chronic alcoholics) which can result in cellular decay 
and death (Harper 1979; Butterworth 1989; Combs Jr 1998; Thomson 2000; Coultate 
2002; Bender 2003; Ball 2004; Betrosian et al., 2004). 
 
 
2.2.2. Riboflavin (Vitamin B2) 
Riboflavin is a yellow fluorescent compound that was first isolated from whey as 
lactoflavin or lactochrome (McCollum et al., 1916; Warburg et al., 1932; Karrer et al., 
1935; Booher 1938; Warburg et al., 1938). It consists of a tricyclic dimethyl-isoalloxazine 
ring and ribitol moieties and it is biologically active as riboflavin 5’-phosphate (flavin 
mononucleotide - FMN) and flavin adenine dinucleotide (FAD) (Fig 2.2). 
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Figure 2.2. Structure of the riboflavin vitamers. 
 
 
Technically FMN and FAD are not nucleotides but these generic names are used to 
generally describe these vitamers. Riboflavin is highly unstable and becomes biologically 
inactive when exposed to UV light, being easily degraded to lumiflavin in basic solutions 
(pH >7) and lumichrome under acidic conditions (pH < 7) (Stull 1953; Parks et al., 1977; 
Sattar et al., 1977a; Sattar et al., 1977b; Toba et al., 1980; Furuya et al., 1984; 
Zandomeneghi et al., 2007). This photodegradation forms various free radicals that cause 
irreversible changes in food products as shown in the production of 3-methyl-2-butene-1-
thiol (MBT) (skunky odour) in beer (Gray et al., 1940; Foster II et al., 2001; Heyerick et 
al., 2003; Goldsmith et al., 2005; Huvaere et al., 2006). However in acidic conditions and 
in the absence of light riboflavin is heat stable (up to 100 °C) but is easily degraded in 
alkaline pH solutions (Surrey et al., 1951; Bender 2003). 
In biological systems, FMN and FAD are utilised as cofactors in a variety of flavoproteins 
and as electron acceptors in oxidation-reduction reactions involved in the tricarboxylic 
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acid (TCA) cycle, electron transport chain, β-oxidation and tryptophan metabolism 
(Kearney 1952; Shavlovsky et al., 1980; Bacher et al., 2000; Ball 2004; Fischer et al., 
2004; Ball 2005; Choe et al., 2005; Roje 2007; Lehmann et al., 2009) 
 
 
2.2.3. Analysis of thiamine and riboflavin 
Traditionally thiamine and riboflavin analysis has been performed via microbiological 
(AOAC International 2005b) and fluorometric assays (AOAC International 2005a), 
however over the past 25 years there has been a significant shift towards chromatographic 
methods (Finglas et al., 1987; Hollmann et al., 1993; Lynch et al., 2000). Despite the 
high capital cost of these methods they are highly favoured by many researchers due to 
their high throughput, speciation of various vitamins and highly accurate results (Lynch et 
al., 2000). Today researchers are utilising a variety of techniques including high 
performance liquid chromatography (HPLC), ultra-high pressure liquid chromatography 
(UHPLC), and liquid chromatography mass spectrometry (LCMS) to understand and 
quantify the various vitamins within a variety of sample matrices. These systems can be 
coupled with an array of detectors including UV/Vis, Refractive Index (RI), Mass 
Spectrometry (MS) and Fluorescence detectors that allow for various levels of 
quantification depending on the application required.  
 
Fluorescence detection has commonly been employed in the analysis of thiamine and 
riboflavin due to its sensitivity and its relatively low cost (Finglas et al., 1987; Rizzolo et 
al., 1992; Kawasaki et al., 2000). The use of excitation and emission wavelength 
monitoring (especially laser induced) allows for excellent detection limits (subfemtomole 
range) in some highly specific applications (Roach et al., 1987). Both thiamine and 
riboflavin have been reported in various matrices at least in the μg/L range (Becker et al., 
2003; Vinas et al., 2003; Vinas et al., 2004; Hong-Zhi et al., 2005; Wang et al., 2006; 
Sikorska 2007). 
 
However, unlike riboflavin, thiamine does not naturally fluoresce and requires 
derivatisation to the highly fluorescent compound thiochrome prior to analysis. This 
procedure has been well described in the past by a variety of authors (Uber et al., 1940b, 
1940a; Slater 1941; Mickelsen et al., 1945; Das Gupta et al., 1968; Bontemps et al., 1984; 
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Bettendorff 1991; Bettendorff et al., 1991; Andrés-Lacueva et al., 1998; Mattivi et al., 
2000; European Committee for Standardisation 2003b, 2003a; Vinas et al., 2003; 
Batifoulier et al., 2005; Backermann et al., 2008; Pegg et al., 2010). This reaction occurs 
in alkaline conditions and therefore thiochrome derivatives cannot be directly introduced 
into typical HPLC systems as these alkaline conditions will degrade standard silica based 
columns. Therefore this reaction must be neutralized pre-injection (Fellman et al., 1982) 
or the derivatisation must occur post-column (Vinas et al., 2003). Both methods have 
their advantages and disadvantages and analysts will utilise various techniques based on 
their laboratories capabilities.  
 
 
2.3. A Brief History of Beer and Brewing  
Beer is thought to be one of the oldest fermented products in the world with recipes 
dating back to ancient Mesopotamia, over 6000 years ago (Braidwood 1952, 1953, 1954; 
Katz et al., 1986; Hornsey 2003). Braidwood (1952) discovered in his work at Jarmo in 
Northern Iraq (thought to be the oldest agricultural community in the world), the evidence 
that grains were mashed and potentially fermented to improve palatability. This may have 
given rise to the cultivation of cereals for bread and flour production (Braidwood 1952, 
1953, 1954). Since this idea was first proposed in 1952 it has been heavily debated by 
anthropologists over the past 60 years. Despite its uncertain origins, beer has played an 
important role in human history and has had sophisticated production changes 
(introduction of hops, carbonation, adjunct and enzyme addition and stabilisation 
treatments), has at times been banned (American prohibition) and has even been subjected 
to purity laws in Germany (Reinheitsgebot) (Braidwood 1952, 1953, 1954; Anderson 
2000; Bamforth 2000, 2003; Hornsey 2003; Bamforth 2004; Kunze 2004; Nelson 2004; 
Jennings et al., 2005; Bamforth 2007). Beer has also played a key role within Australia 
with an estimated 77.1 million litres of alcohol available for consumption from beer in the 
2010-2011 period (Australian Bureau of Statistics 2012). This is a 3.4 % decrease from 
2009-2010 but beer is still the most consumed alcoholic beverage in Australia (42.3% - 
beer; 37.4% - wine; 13.2% - spirits; 7.0 % RTDs) (Australian Bureau of Statistics 2012). 
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2.3.1. Thiamine and riboflavin in beer 
Currently there is little known about the exact state of thiamine and riboflavin vitamers in 
beer. Several authors have reported their presence (Southgate 1924; Laufer et al., 1942; 
Hopkins 1943, 1944; Graham et al., 1970; Voss et al., 1976; van Heerden et al., 1987; 
van Heerden 1989; Bamforth 2002; Pietercelie et al., 2003; Bamforth 2004) but these 
studies have been limited in that only relatively small sample numbers have been used 
and any potential differences in beer styles have not been investigated. Also studies into 
the effects of the malting and brewing processes have not provided exact information on 
the various vitamers and the roles that they play within malting and brewing systems. It is 
likely that both thiamine and riboflavin vitamers could influence microflora behaviour of 
fermenting wort and may alter the organoleptic properties of the finished product. 
Currently it is known that the presence of riboflavin can negatively affect the flavour of a 
beer when it is exposed to light. The free radical formation of this vitamin results in the 
formation of the highly undesirable MBT product (Goldsmith et al., 2005; Cardoso et al., 
2006; Pozdrik et al., 2006). The effect of thiamine on the final product has not been 
greatly investigated and it is likely that this vitamin may cause undesirable flavours such 
as sulphury and yeasty notes.  
 
 
2.4. Production of Beer from ‘Grain to Glass’ 
The fundamentals of modern beer production have not changed greatly in the last 100-200 
years. Grain is still malted, ground and mashed in water to produce wort which is then 
boiled, clarified (if desired), fermented and bottled for consumption. The addition of hops 
provides the important bitterness and other various flavours and aromas to the final 
product while the yeast produces the alcohol (primarily). The only difference between 
modern breweries and those of 100-200 years ago is the greater control that is exhibited 
over the entire process. Through increases in technology and scientific knowledge, 
maltsters and brewers have been able to maintain, control and consistently produce 
products for consumers however the art of brewing is still the same. The following 
Sections will discuss this centuries old process and will provide information on the known 
roles of thiamine and riboflavin within these processes. 
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2.5. Malting 
Malting is the process in which barley and other cereals are converted to malt to make it 
suitable for the brewing process. The aim of this process is threefold:  
 
[1] endogenous synthesis of hydrolytic enzymes;  
[2] to increase the accessibility of the starchy endosperm by the hydrolytic 
enzymes; and 
[3] Reduction of β-glucan levels. 
(Agu et al., 1996; Briggs 1998; Agu et al., 2001; Agu et al., 2002).  
 
This involves allowing the barley grain to germinate and produce a new barely plant. 
However, the production of a new plant is undesirable and therefore germination is 
prematurely halted at this point where sufficient enzymes are synthesised to hydrolyse the 
starchy endosperm. This modification is required to increase the total fermentable sugars 
and reduce potential β-glucan levels. Malted barley is typically produced via three major 
stages; steeping, germination and kilning (Fig 2.3). A variety of other processes 
(including roasting) are also performed depending on the desired final product. 
 
During this process (Fig. 2.3) barely is first cleaned and graded to remove unwanted 
foreign bodies such as chaff and stones. Small kernels < 2.2 mm are generally excluded 
from the malting process as they are higher in protein and can result in uneven 
modification throughout the malting process (Kreisz 2009). Upon arrival to the maltster, 
barley contains approximately 12-15 % moisture, is hard and has a high protein content 
(Abramson et al., 1983; Svihus et al., 1997; Agu et al., 1998, 2001; Agu et al., 2002; Agu 
2003). Steeping the barley increases the moisture content of the kernels to ~40 % and 
allows the activation and production of endogenous enzymes required to start producing a 
new plant. The kernels are exposed to water soaks and air rests (6-8 hours a step) at 15-20 
°C for up to 48 hours, depending on the grain type and local environmental conditions 
(temperature, air pressure, etc.). This cycling between water and air rests effectively 
increases the moisture of the kernels without drowning and causing metabolic arrest. The 
kernels are allowed to germinate at 15-20 °C for 5-7 days (intermittently being turned) or 
until the optimal grain modification has taken place. Finally, the product is usually kilned 
14 
 
to 60-80 °C to stop all metabolic processes and to reduce the moisture content to below 
10 %. This effectively stabilises the kernels and produces an increased shelf life product. 
 
 
Figure 2.3. Various processes that exist during malt production. 
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 As shown in Figure 2.3, other processes can be performed to create various malted 
products (referred to as speciality malts) including acidification, smoking, caramelisation 
and roasting. During each of these processes, the malted barley/cereal is altered to impart 
various flavour profiles on the produced wort. These processes will differ between 
manufacturers as tradition and technology will dictate how a maltser produces the desired 
product. These speciality malts are utilised by a brewer to alter the final organoleptic 
properties of wort. 
 
 
2.5.1. Thiamine and riboflavin in malting 
Little is known about the evolution of vitamins in barley as it undergoes the malting 
process. Voss and Piendl (1978) have reported various changes in the thiamine and 
riboflavin vitamer content of Canadian malted barley. This investigation reported higher 
concentrations of thiamine than riboflavin in the final malted product and found higher 
kilning temperatures reduced the overall vitamin content. However, this research did not 
investigate the presence of the vitamers of thiamine and riboflavin (TDP, TMP, FMN), 
variations between various malts or the effects of roasting on the vitamer content of malt. 
Other researchers (Harden et al., 1924; Southgate 1924; Bacharach et al., 1928) have 
investigated the vitamin contents of malt and malt related products in relation to animal 
nutrition, but this research is now significantly out-dated.  
 
 
2.6. Wort Production 
The general aim of wort production is to convert starch from malt and other cereals into 
fermentable sugars (Fig 2.4).  
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Figure 2.4. Various processes during wort production. 
 
 
To access the starchy endosperm of the malt, it is first milled into fine grist. This grist size 
will affect the mashing efficiency, with finer grists causing problems later during grist 
separation (Krottenthaler et al., 2009). The grist is then added to preheated water at a ratio 
of greater than 3:1 (water:grist) as lower ratios result in poor starch conversions (Muller 
1991). This mash is held at temperatures ranging from 45-72 °C (depending on the mash 
profile) for enough time to convert almost all available starch into fermentable sugars. 
The spent grain is then removed from the liquid portion (wort) by a variety of different 
filtration processes and sparged with hot water to recover as many fermentable sugars as 
Adjunct Cereal 
Wort Separation 
Boiling 
Mashing 
Milling 
Trub Removal 
Cooling 
Malt 
Sweet Wort 
Water, Heat, Calcium, 
Enzymes &Acids  
Spent Grain 
Trub 
Steam (Heat) 
Sparge Water 
Hops, Kettle Adjuncts 
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possible. This wort is then boiled with hops or hop extract for one to one and half hours 
to: 
 
[1] Sterilise; 
[2] Aid in the isomerisation of iso-α-acids from hops;  
[3] Drive off unwanted volatiles; and 
[4] Remove heat labile proteins that may cause a haze in the final product.  
(Eaton 2006; Leiper et al., 2006; Willaert 2007) 
 
The trub (spent hops and denatured proteins) is then removed from the sweet wort, which 
is cooled ready for fermentation. Various processing aids such as 
polyvinylpolypyrrolidone (PVPP) and various carrageenans can be added during this 
process to improve clarity and stability of the wort.   
 
 
2.6.1. Thiamine and riboflavin in wort production 
The brewing process could have a variety of effects on the potential vitamin content of a 
beer. Little is known about the production/destruction of vitamins during this process. 
The various steps that exist during wort production (elevated temperatures; continuous 
enzymatic activity; a slightly acidic environment etc.) may impact positively/negatively 
on the final thiamine and riboflavin content of the wort. While numerous authors 
(Southgate 1924; Laufer et al., 1942; Hopkins 1944; Graham et al., 1970; Voss et al., 
1976; van Heerden et al., 1987; van Heerden 1989; Bamforth 2002; Pietercelie et al., 
2003; Vinas et al., 2003; Bamforth 2004; Vinas et al., 2004) have reported the presence 
of thiamine and riboflavin vitamers in beer as a final product; none of these studies 
investigated the influence of the wort production steps on the final vitamin content of 
sweet wort. It is likely that mashing conditions will enhance the thiamine and riboflavin 
content as they are released from the malt but boiling may significantly decrease this 
content. These elevated temperatures during boiling are highly likely to decrease the 
thiamine vitamer content as this vitamin is highly unstable under these conditions (Beadle 
et al., 1943; Bendix et al., 1951). The addition of brewing additives may also strip the 
wort of its thiamine and riboflavin content as they remove unwanted polyphenols and 
proteins that may contain a similar structure or chemical property as these vitamins. 
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2.7. Fermentation 
During the primary fermentation, fermentable sugars in the sweet wort are converted into 
alcohol by yeast. This yeast, and in some styles of beer, bacteria and wild yeast can be 
used, will also produce a variety of other flavour compounds such as diacetyl 
(butterscotch), isoamyl acetate (lolly banana) and ethyl hexanoate (fruity) which are 
essential to the overall organoleptic profile of the beer (Verstrepen et al., 2003a; Park et 
al., 2009). These organisms may also have a detrimental effect on the final product 
producing solvent and tart (lactic acid) profiles. These may be due to imperfections in the 
yeast metabolism or due to contamination of the wort. For these reasons, brewers will 
take great care in choosing and maintaining the “perfect” strain for their beer style. This 
generally results in breweries that produce multiple styles of beer maintaining several 
yeast strains at once.  
There are two major types of fermentations (top and bottom) used in the brewing industry 
(Table 2.2).  
 
Table 2.2. Fermentation types employed in beer production. 
Beer 
style 
Typical 
Organism 
Fermentation 
Conditions 
Description Temperature Time 
Ale 
 
Saccharomyces 
cerevisiae 15-22 °C 
3-5 
days 
Top fermenting, yeast 
flocculates to the top of the 
fermentation vessel 
Lager 
 
Saccharomyces 
pastorianus 8-13 °C 
7-10 
days 
Bottom fermenting, yeast 
flocculates to the bottom of the 
fermentation vessel 
 
 
This is due to the phenomenon of flocculation that is today still not entirely understood 
(Smit et al., 1992; Dengis et al., 1995; Jin et al., 1998; Heine et al., 2009; Benabdesselam 
2010; Soares 2011). During a particular fermentation, the yeast will flocculate to the 
surface (top fermenting) or it will flocculate out of suspension (bottom fermenting). 
Whether yeast cells remain in suspension is thought to be a mixture of both genetics (e.g. 
FLO1 gene) and environmental factors (e.g. Ca
2+
 conc.) and is important in producing 
particular styles of beer (Dengis et al., 1995; Dengis et al., 1997; Verstrepen et al., 2003b; 
Heine et al., 2009; Soares 2011). Typically ale styles of beer are produced with low 
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flocculating or top fermenting yeasts such as Saccharomyces cerevisiae, while lager 
styles of beers are produced using high flocculation yeast or bottom fermenting yeast such 
as S. pastorianus (formally called carlsbergensis). 
Differences in gene expression of both of these types of yeasts may result in a variety of 
flavours and aromas developing in the final product. This is why it is important to 
correctly choose the right yeast for the intended style. Also knowing the flocculation of 
the yeast will help in determining whether the beer will be naturally cloudy (typically top 
fermented) or clear (bottom fermented). This makes yeast selection a critical point for 
brewers as the wrong yeast will not provide the ideal characteristic for that particular beer 
style.   
 
 
2.7.1. Production of ethanol from glucose and the role of thiamine diphosphate (TDP) 
Glucose is metabolised in S. cerevisiae by the Embden-Meyerhof (glycolytic) and 
fermentative pathways (Fig. 2.5). Glycolysis is primarily used for the production of 
energy-yielding ATP molecules and utilises nicotinamide-adenine dinucleotide (NAD) as 
an electron acceptor (Boulton et al., 2001). The reduction of NAD
+
 to NADH, is a vital 
step during glycolysis as it is used as a cofactor for glyceraldehyde-3-phosphate 
dehydrogenase to convert glyceraldehyde-3-phosphate to 1,3 bis-phosphoglycerate 
(Boulton et al., 2001). The regeneration of NAD
+
 is required to keep glycolysis from 
stalling and is commonly recycled in yeast via fermentation (anaerobic conditions) or via 
the tricarboxcylic acid (TCA) cycle coupled with the electron transport chain (aerobic 
conditions). Due to the anaerobic nature of fermenting wort, yeast will utilise the 
fermentative pathway to oxidise the NADH produced during glycolysis into NAD
+
 and 
thus rebalancing the redox potential in the pathway. During the fermentation process 
pyruvate is first converted to acetaldehyde by pyruvate decarboxylase which is then 
further hydrogenated into ethanol by alcohol dehydrogenase (NADH dependant) 
(Kruckenberg et al., 2004; Dickinson et al., 2006). This effectively recycles the NAD
+
 
allowing for further utilisation back in the phosphorylation of glyceraldehyde-3-
phosphate to 1,3 bis-phosphpoglycerate. It also balances out the redox potential within the 
cell (Fig 2.5) 
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Figure 2.5. Alcohol production in yeast.   
A - Embden-Meyerhof (glycolytic) pathway; B – Fermentation. 
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Importantly the pyruvate decarboxylase complex is TDP dependant. In the absence of 
TDP this pathway is severely hindered producing poor ethanol yields (Schultz et al., 
1937b; Bataillon et al., 1996; Bisson 1999). A yeast cell may not be inhibited by the 
absence of this vitamer but the yeast cell will start producing glycerol to compensate for 
the shortfall in NAD
+
. This is undesirable in most brewery fermentations as brewers are 
trying to produce an alcoholic beverage. It may also lead to poor or off-flavour production 
as the yeast cells try to survive by shunting pyruvate to other metabolic pathways and can 
also result in stuck or sluggish fermentations (Schultz et al., 1937a; Schultz et al., 1937b; 
Bataillon et al., 1996; Alexandre et al., 1998; Bisson 1999).  
 
 
2.7.2. The role of riboflavin during fermentation 
Riboflavin vitamers are involved in a variety of redox reactions especially in aerobic 
pathways including the TCA cycle, the electron transport chain and β-oxidation. During 
respiration, FAD is reduced to FADH2 by succinate dehydrogenase in the conversion of 
succinate to fumarate (Fig 2.6) and NADP
+
 is recycled by the FMN dependant NADH 
oxidoreductase or the “old yellow enzyme” (OYE) (Nakamura et al., 1965; Niino et al., 
1995; Brown et al., 1998; Kohli et al., 1998; Fox et al., 1999; Brown et al., 2002; 
Williams et al., 2002).  
 
These are critical steps during yeast respiration, however due to the anaerobic nature of 
brewery fermentations these pathways are not greatly utilised. Brewers may choose to 
aerate their wort to provide the yeast with optimal conditions in the initial stages of 
growth. This ensures ample production of fatty acids that are essential to the growth of 
the culture (Rangan et al., 2002; You et al., 2003; Munroe 2006). During this brief stage 
where the oxygen content is high, riboflavin vitamers play important roles in the TCA 
cycle and β-oxidation, and support the viability of the fermenting yeast. The absence of 
these flavoproteins can impede yeast growth and therefore hinder fermentation potential. 
Also hindrances to fatty acid biosynthesis can result in poor ethanol tolerance that may 
lead to incomplete fermentations (Goldman et al., 1963; Mishra et al., 1989; Alexandre et 
al., 1994; Kajiwara et al., 2000; Ding et al., 2009; Ma et al., 2010). 
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Figure 2.6. Role of FAD and FMN in the yeast metabolic pathways. 
(Williams et al., (2002)) 
 
2.8. Post Fermentation Processes 
Generally, after primary fermentation the green beer is matured. This leads to increased 
flavour and aroma production and in the case of bottle-conditioned beers, is a primary 
source of carbonation. Various processes exist in modern breweries including the addition 
of stabilisers, foam enhancers/stabilisers, filtration and pasteurisation (Fig. 2.7).  
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Figure 2.7. Fermentation, maturation and downstream processing. 
 
 
Bottle conditioning is generally the simplest method of packaging a beer, as it does not 
require any special equipment. Beer is taken straight from the fermenter and placed into a 
pre-primed (addition of glucose) capped bottle and allowed to naturally ferment. This 
process is monitored for flavour and carbonation aspects and then released for 
consumption. This simplistic mode of packaging allows for maturation (removal of 
unwanted flavour such as diacetyl) in the bottle and provides the needed carbonation. 
Beers produced in this fashion will generally be ales and will have a cloudy appearance 
due to the yeast in the bottle. 
 
Lager styles of beer are generally filtered and have a clearer appearance as the yeast is 
removed from the bright beer. At the end of lager fermentations, the bright beer is 
pumped into a secondary tank and allowed to mature or given a diacetyl rest. The rest 
allows for the natural removal of unwanted diacetyl produced during the fermentation 
stage. At this point a variety of additives such as polyvinylpolypyrrolidone (PVPP), 
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finings, silica gels and various enzymes can be added to the tank and allowed to rest. 
These additives will remove unwanted polyphenols, proteins and yeast particulates that 
may cause hazes in the final product (Pignatelli et al., 1984; Rehmanji et al., 2002). Lager 
beers can also be filtered and pasteurised to stabilise the final product. At bottling, lagers 
are generally carbonated and sealed providing a ready to drink product.  
 
 
2.8.1. Effect of post fermentation processes on the final thiamine and riboflavin content 
Post fermentation processes such as pasteurisation and filtration could potentially lower 
the final vitamin content. Owens et al., (2007) reported that pasteurised beer contained a 
lower concentration of folate than non-pasteurised beers. Heating processes such as 
pasteurisation could potentially decrease the vitamin content of beer as heat labile 
vitamins are lost (such as thiamine) (Beadle et al., 1943; Bendix et al., 1951; Arnold et 
al., 1971). Also the addition of various processing aids such as PVPP may bind thiamine 
and riboflavin vitamers and remove them from the beer. Currently there is no information 
available on the effects of the various processing aids on the thiamine and riboflavin 
vitamer content of beer.  
 
 
2.9. Spoilage Organisms in the Brewery 
Like all food products, beer is prone to spoilage by a variety of microorganisms. 
However, due to a series of intrinsic factors such as: low pH, hop contents and elevated 
ethanol content beer is a relatively stable product (Menz et al., 2009; Menz et al., 2010). 
These intrinsic antibacterial-hurdles are able to inhibit the presence of potential pathogens 
in beer, making it a safe product. However, spoilage organisms such as lactic acid 
bacteria are able to grow in beers and produce a variety of off-flavours and aromas that 
are undesirable in the final beer products.   
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2.9.1. Lactic acid bacteria in beer 
Lactic acid bacteria (LAB) are Gram-positive, non-spore forming rods or cocci that are 
strictly fermentative, facultative anaerobes (Rainbow 1975; Kandler et al., 1986). Two of 
the more common beer spoiling lactic acid bacterium are Lactobacillus brevis and 
Pediococcus damnosus (Sakamoto et al., 2003). In most reports of beer spoilage 
Lactobacillus brevis is the major culprit producing a variety of off-flavours/aromas and 
high turbidity to the final product (Wackerbauer et al., 1668; Hollerová et al., 2001; 
Thelen et al., 2004, 2006; Lin et al., 2008; Menz et al., 2010). Once in beer, these 
organism have the ability to produce a variety of undesirable flavours, aromas (vincinal 
diketones – diacetyl, 2-3,pentanedione and lactic acid) and increased turbidity (Lawrence 
1988; Sakamoto et al., 2003). LAB have been reported to lower the quality of malt 
(Booysen et al., 2002; Lowe et al., 2005; Schehl et al., 2007) and can produce a sediment 
in a finished beer after one month (Hollerová et al., 2001). They also have the ability to 
produce a variety of biogenic amines that pose a potential health threat (Izquierdo-Pulido 
et al., 2000; Kalac et al., 2002; Kalac et al., 2003).  
Generally Gram positive bacteria will not grow in beer due to the hop content, however 
many strains of Lactobacillus spp and Pediococcus spp have obtained the horA gene that 
helps deal with this problem (Suzuki et al., 2002; Suzuki et al., 2004a; Suzuki et al., 
2004b; Suzuki et al., 2006; Haakensen et al., 2007; Haakensen et al., 2008, 2009). This 
horA gene encodes for a highly specific transporter, HorA, which pumps  iso-α-acids out 
of the cell (Haakensen et al., 2009). 
 
Many researchers have identified that lactic acid bacteria require specific vitamins to 
grow effectively (Snell et al., 1943; Stokes 1944; Cheldelin et al., 1945; Peterson et al., 
1945; Snell 1945; Kitay et al., 1950; McNutt et al., 1950; Ziro 1955; Downing et al., 
1956; Carr 1958; Scott et al., 1965; Wei et al., 1971; Iwashima et al., 1973). Several 
authors have discussed the effect of specific vitamins, such as thiamine, riboflavin, 
nicotinic acid, pyridoxine and folic acid on growth of LAB isolated from breweries 
(Russell et al., 1954; Moore et al., 1955; Russell et al., 1955). However, in these studies 
the culture was removed from the beer or brewery and investigated using artificial media. 
These authors have not investigated the effect of specific vitamins on LAB in actual beer 
and beer related products. Nor did they investigate whether the presence of these vitamins 
could aid in the growth or survival of these organisms in the hostile environment of beer. 
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2.9.2. Acetobacter in beer 
Acetic acid bacteria are aerobic, Gram-negative, rod shaped bacteria that belong to the 
Acetobacteriacaeae family (Gillis et al., 1980). There are reportedly 10 species of 
Acetobacter and only one Gluconobacter (Gluconobacter oxydans) that are important to 
the brewing industry (Van Vuuren et al., 2003). Acetic acid bacteria are generally strict 
aerobes however some strains isolated from draught beer have been reported to be 
microaerotolerant (Harper 1980). Acetic acid bacteria are tolerant to hops, can survive in 
high levels of ethanol (>10 % v/v) and have the ability to oxidise ethanol to acetic acid, 
producing vinegary off-flavours and aromas (Ingledew 1979; Magnus et al., 1986; Van 
Vuuren et al., 2003). Due to modern brewery practices, the incidences of acetic acid 
bacteria in beers has decreased due to the exclusion of oxygen into the brewing processes, 
however a study of 1203 samples found that 153 samples were positive for acetic acid 
bacteria (Ploss et al., 1979). Ploss and co-workers (1979) found this contamination was 
only in samples from the filling and filtration processes of the brewery with 69.7% of the 
contamination coming from A. pasteurianus sub pasteurianus. Van Vuuren et al., (1979) 
also found that samples from collection, fermentation and storage tanks were 
contaminated with Acetobacter and Gluconobacter and Ingledew (1979) reported the 
increased incidence of acetic acid bacterial spoilage in draught beer kegs as air is allowed 
to enter during use. This indicates that as long as a brewery and pub maintain a low 
oxygen concentration in the brewery systems the incidence of acetic acid bacteria will be 
minimal. 
 
Several authors have reported that several strains of acetic acid bacteria have a riboflavin 
requirement (Rainbow et al., 1953; Sievers et al., 2005) and it is highly likely that in the 
presence of high levels of this vitamin, spoilage may be significantly enhanced. Currently 
it is not known whether the addition of riboflavin to an acetic acid bacteria culture can 
increase spoilage in a beer. 
 
 
2.9.3. Zymomonas 
Zymomonas mobilis is a Gram-negative, facultative organism that uses the Entner-
Doudoruff metabolic pathway to ferment glucose, fructose and sucrose (only) to ethanol 
(Dawes et al., 1966a; Dawes et al., 1966b; Bexon et al., 1970; Dadds et al., 1971; Dadds 
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et al., 1973; Swings et al., 1977). This organism is quite common in ciders, sugar cane 
and can be found in beers, generally in the bottling stages of the brewing process (Dadds 
et al., 1971; McGill et al., 1971; Dadds et al., 1973; Hough et al., 1976; Hough et al., 
1982). Z. mobilis contaminated beers generally have a “fruity” and “sulphidic” 
characteristic due to the high levels of acetaldehyde and hydrogen sulphide that are 
produced during fermentation (Dadds et al., 1971; Anderson et al., 1974). 
 
The presence of thiamine may enhance the overall growth of this culture in beer as it only 
utilises the Entner-Doudoruff pathway for energy metabolism. Unlike yeast which has the 
ability to utilise a variety of other pathways for energy production, Z. mobilis can only 
ferment glucose to ethanol. This places a high importance on the PDC enzyme complex 
and in the absence of thiamine, it is likely that spoilage could be minimised. Several 
authors (Rogers et al., 1982; Bringer-Meyer et al., 1986; Diefenbach et al., 1991) have 
investigated the role of thiamine within the PDC complex of Z. mobilis but it is currently 
unknown whether the addition of this vitamin can enhance beer spoilage.  
 
 
2.9.4. Wild yeast 
A variety of wild yeasts exist in brewing including Brettanomyces lambicus and B. 
bruxellensis. In general, most brewers try to eliminate the contamination of these yeasts 
by good hygiene practices. This is due to the production of a wide range of undesirable 
flavours and aromas including 4-ethyl guaiacol, 4-ethyl phenol, 2-phenyl ethanol, isoamyl 
alcohol, ethyl decanoate and trans-2-nonenal (Licker et al., 1998). These compounds 
produce the typical “Brett” flavour profile of “horse blanket”, “plastic” and “wet animal” 
(Licker et al., 1998). In some styles of beer (lambics) these characteristics are in fact 
desirable and are promoted. These typically undesirable flavours may be enhanced in the 
presence of thiamine and riboflavin as these yeasts, like S. cerevisiae, require these 
vitamins as coenzymes in a variety of metabolic processes. It is currently unknown 
whether the presence of these vitamins can enhance the spoilage of wild yeasts such as 
the Brettanomyces spp. in beer. 
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2.10. Project Aims and Objectives 
Thiamine and riboflavin vitamers are present in a wide range of foods including beer. 
They play critical roles in a variety of enzymatic complexes, can promote and maintain 
metabolism and can have both positive and negative effects on the final food products. 
Currently there has been minimal investigation into the presence and role of these 
vitamers in the malting and brewing industry.  
 
It is the aim of this research to provide further information for maltsters and brewers on 
the role of both thiamine and riboflavin and what impact these vitamins may have on beer 
production. Likewise, this research will investigate the effects of each stage in the malting 
(malt/cereal vitamer content, steeping, germination, kilning and roasting processes) and 
brewing process (wort production, fermentation, post-fermentative process/processing 
aids and storage conditions) and the effects of bacterial spoilage on the final vitamin 
content of a beer. This will be achieved through a highly accurate and efficient HPLC 
method designed specifically for beer and brewing and malting related matrices. 
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Chapter 3 - Materials and Methods 
 
3.1. Reagents and Equipment used 
Throughout this thesis, the supplier of a particular chemical or manufacturer of equipment 
will be identified in the first citation/mention of the particular chemical/equipment in each 
chapter. For subsequent citations, it can be inferred that the same supplier was used. All 
chemicals used during this research were of a high purity (> 95 %) unless otherwise 
specified. All water, unless otherwise specified, was of 18 MΩ quality, which was 
purified using a Sartorius arium 611VF water purification system (Sartorius AG, 
Göttingen, Germany). All vitamer standards used were of high purity (> 98 %) and were 
supplied by Sigma-Aldrich, St Louis, MO. All methanol utilised throughout the analysis 
of the vitamers was of the highest purity (Supragradient Scharlau, Barcelona, Spain) and 
all potassium phosphates (K2HPO4/KH2PO4) that were used for the mobile phase 
buffering system were > 98 % pure (Sigma-Aldrich, St Louis, MO).  
 
 
3.2. Beer Survey 
All beers surveyed during this research were commercially available and were sourced 
from entries in the 2010 Australian International Beer Awards (AIBA), which presented a 
wide variety of beers from over 20 international sources. Due to the diversity of the beers 
entered, selection was based on approximate beer style only. Beers that were entered into 
the AIBA in different sub-classes were grouped together in a single style for this research, 
e.g. beers that belonged to different sub-classes of lagers were all grouped together as 
“LAGERS”. Based on the available numbers of beers in each style the following four 
styles were utilised so a larger sample size could be taken: ales, lagers, stouts/porters and 
wheat beer. In all, 204 beer samples were analysed for each vitamer listed in Section 3.11. 
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3.3. Experimental Wort 
All experimental wort streams used throughout this research were produced by dissolving 
Coopers pale ale malt extract (Coopers, Regency Park, Australia) into distilled water. In 
order to produce a 1.040 g/cm
3
 wort, 400 g of malt extract was dissolved in 3 L of 
distilled water, while a 1.080 g/cm
3
 wort was produced by adding 800 g of malt extract to 
3 L of distilled water. These concentrations were utilised to produce wort for a variety of 
different experiments as detailed in Sections 3.4.2, 3.6, and 3.10.1-3.10.5 
 
 
3.4. Brewing Conditions 
Brewing experiments were conducted using the University of Ballarat’s 100 L pilot 
brewery (Fig. 3.1). This comprised of an 80 L mash tun, a separate lauter tun, a 120 L 
steam heated kettle and an 80 L whirlpool. A single step infusion mash was used where 
10 kg of Pilsner malt (Joe White Maltings, Ballarat, Australia) was milled (22 mm) 
through a DLFU Disc Mill (Buhler-Miag, Unzil, Switzerland) and infused into 40 L of 72 
°C water, which resulted in a final temperature of 66 °C. The temperature was maintained 
at 66 ± 1 °C and the mash was stirred and sampled every 10 minutes for one hour. The 
mash was transferred to the lauter tun and sparged with 30 L of 72 °C water, after which 
the resultant wort was boiled for one hour. Samples were taken every 10 min and no hops 
were added to the boil as the influence of hops on thiamine and riboflavin content was 
investigated separately (Section 3.5).  At the end of the wort boil, the hot liquor was 
transferred to the whirlpool for 15 minutes before being passed through a plate heat 
exchanger and cooled to 20 °C. This entire process was reproduced three times while all 
analyses were performed in duplicate. 
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Figure 3.1. University of Ballarat’s pilot brewery.  
 
 
3.4.1. Effect of mashing temperatures on vitamin release 
A variety of different mashing conditions were investigated to determine whether these 
conditions posed a significant influence on the amount of thiamine or riboflavin vitamers. 
These tests were performed in 600 ml stainless steel mashing beakers where Pilsner malt 
(50 g, 2.2 mm grind) was added to water (350 ml) at varying temperatures (45, 55, 65 and 
72 °C) and held at these temperatures for one hour, while samples were taken and the 
mashes stirred every 10 minutes. All temperature treatments were analysed in triplicate 
and the experiment was performed in triplicate. All analyses were performed in duplicate. 
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3.4.2. Effect of lautering on the thiamine and riboflavin vitamer content 
The sweet wort that was produced in Section 3.4.1 was lautered through a gravity mash 
filter bed and the spent grain was then sparged with 20 L of 72 °C water for 90 minutes. 
Samples were taken every 30 minutes, immediately frozen in a blast freezer until required 
for analysis. This process was repeated in triplicate and all analyses were performed in 
duplicate. 
 
 
3.4.3. Effect of boiling on vitamin stability 
The effect of boiling on vitamin stability was assessed by boiling the wort produced in 
Sections 3.4.1-3.4.2 for one hour where samples were taken every 10 min. No hops were 
added during this process as this was further investigated Section 3.5. This experiment 
was repeated in triplicate and all analyses were performed in duplicate. 
 
 
3.5. Hop Experiments 
Eleven commercially available pelletised and five liquid hop extract samples were 
obtained through Hop Products Australia (Tasmania, Australia) and John I Hass Inc. 
(Washington, USA) respectively. These varieties were randomly selected by the supplier 
and were stored in the dark at -18 °C (pelletised hops) or at room temperature (liquid 
extracts). 
The vitamin content of these hops (Table 3.1) was assessed using the methods specifically 
developed as part of this thesis and are described in Section 4.7. The release of vitamins 
from hops during the boiling stage was also investigated. This was performed by adding 
each commercially available hop product (Table 3.1) to 250 ml of boiling distilled water 
so that the final percentage of iso- α-acids present in solution was 5 % w/v. This mixture 
was boiled for a 10-minute period for aromatic assessment and 60 minutes for bittering 
assessment. The water extracts were sampled before and after the addition of hops in 
order to gauge the potential effect hops may have on the vitamin content of the final wort.  
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Table 3.1. Hop products used during this research 
Hop Variety
 
Percentage iso-α-acids Type of hop 
product 
Nugget
a 12.5 Pellets 
Millennium
a
 15 Pellets 
Summer
a
 6.3 Pellets 
Pride of Ringwood
a
 9.8 Pellets 
Galaxy
a
 13.2 Pellets 
South Saaz
a
 7.1 Pellets 
South Hallertau
a
 7.3 Pellets 
Super Pride
a
 15.2 Pellets 
Willamette
a
 7.3 Pellets 
Cluster
a
 7.2 Pellets 
Topaz
a
 15.4 Pellets 
Columbus
b 54.6 Liquid CO2 extract 
Isohop
b
 30 Liquid CO2 extract 
Redihop
b
 30 Liquid CO2 extract 
Tetrahop
b
 9 Liquid CO2 extract 
Hexahop Gold 
b
 
10 % hexahydro & 10 % 
tetrahydro iso-α-acids (l) 
Liquid CO2 extract 
a
 Hop products were supplied through Hop Products Australia, Tasmania, Australia 
b
 Hop product supplied through John I. Haas Inc, Washington, USA. 
 
 
3.6. Effect of Brewing Related Processing Aids and Additives on the 
Final Vitamer Content of Wort/Beer 
The effect of processing aids (Table 3.2) on the vitamin content of beer was investigated 
by adding a series of commercially available processing aids to (i) the kettle, (ii) pre-
fermentation or (iii) post-fermentation as directed by the various suppliers. The vitamin 
content was measured before and after each treatment to assess any effects on the vitamin 
content. All kettle additives were added to 1.040 specific gravity wort (Coopers pale ale 
extract, Section 3.4.1) 
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Table 3.2. Processing aids used in this research. 
Additive Supplier Compound 
Addition to 
brewing stream 
Bentonite 
Brewcraft Ltd 
(Melb, Aus) 
Bentonite  
(natural clay) Post fermentative 
Brite sorb BK75 
(BAK511) 
AB Vickers 
(Burton upon 
Trent, UK) Silica gel Post fermentative 
Clear cool 
Brewcraft Ltd 
(Melb, Aus) Papain Post fermentative 
Clear fine 
Brewcraft Ltd 
(Melb, Aus) Isinglass finings Post fermentative 
CZY 511 abv 
Chillzyme 
AB Vickers 
(Burton upon 
Trent, UK) 
Protease from Carica 
papya plant Post fermentative 
FDC 511 Foamsol 
AB Vickers 
(Burton upon 
Trent, UK) 
Dimethylpolysiloxane 
(Silicone antifoaming 
agent) Kettle 
Finings (powder) 
Brewcraft Ltd 
(Melb, Aus)  Unknown Post fermentative 
Irish Moss 
Brewcraft Ltd 
(Melb, Aus) 
Carrageenan - 
Chondrus crispus Kettle 
PolyClar Brewbrite 
International 
speciality 
products (Wayne, 
USA) PVPP 
Kettle/post-
fermentative 
Potassium 
metabisulphate 
Brewcraft Ltd 
(Melb, Aus) 
Potassium 
metabisulphate Post fermentative 
Tannic acid 
Brewcraft Ltd 
(Melb, Aus) Tannic acid Post fermentative 
Whirlfloc 
Kerry Group 
PLC (Tralee, 
Ireland) 
Carrageenan powder 
(Rhodophyceae 
algae) Kettle 
 
 
3.7. Malt Samples 
Both malted and unmalted commercially available cereal samples (107) were obtained 
from Australian, North American, European, and UK sources. All samples were grouped 
together based on grain type and then by colour. Colour was measured as described in 
Section 3.11.9, with light coloured malts being those with a colour between 2 - 120 EBC, 
medium colour malts were those with a colour between 121-300 EBC and dark colour 
malts were those with a colour ≥ 300 EBC as shown in Figure 3.2. 
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Figure 3.2. EBC colour scale used to categorise malt samples.  
 
 
3.8. Malting Conditions 
All malting experiments were performed using a fully automatic micro-malting system 
(Joe White Maltings, Adelaide, Australia) equipped with eight 1 kg baskets. Raw barley 
(Gairdner, 2010 season) was sieved through coarse brass mesh screens (Endecotts Ltd, 
London, England); with an upper cut-off of 2.8 mm aperture and lower cut-off of 2.2 mm 
aperture. Steeping and germination were carried out at 17 C under the following 
conditions: each malting basket was filled with 1 kg of raw barley and steeped for six 
hours, followed by an eight hour air rest and a second steep for six hours, with a final four 
hour air rest. The barley was germinated for 96 hours during which the baskets containing 
the germinating barleycorns were tumbled four times every eight hours. The germination 
was followed by a programmed kilning procedure of two hours at 53 C; three hours at 55 
C; three hours at 57 C; two hours at 59 C; three hours at 65 C; two hours at 70 C; 
two hours at 75 C; and a final two hours at 78 C. Two independent malting runs were 
conducted and during both runs samples were taken from each basket (eight baskets/run) 
and analysed in duplicate.  
 
3.9. Roasting Conditions 
Roasting experiments were performed using an indirect fired commercial 3 ton roaster 
(Bühler Barth AG, Freiberg am Neckar, Germany), where the temperature was raised 
from 37 to 230 °C in 80 minutes. This process utilised a lightly kilned malt to produce 
three batches of chocolate malt to Joe White specifications. Samples were taken every 10 
minutes from three independent roasting runs. All samples were rapidly cooled to room 
temperature immediately following sampling and were kept in a cool dark cupboard prior 
to analysis. 
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3.10. Organisms and Culture Media 
As detailed in Chapter 7, a series of biological investigations into the effects of vitamins 
on fermentation/growth performance were undertaken. Table 3.3 lists all the cultures and 
their sources used during this research, plus the storage media used to maintain all 
cultures when not in experimental use. All media was autoclaved at 121 °C for 20 
minutes at 101.3 kPa. Sections 3.10.1-3.10.6 detail the methodologies used for these 
biological investigations. 
 
Table 3.3. Organisms and storage media used in this research. 
Organism Source Storage media 
Lactobacillus brevis 
Isolated and purified
1
 from 
commercially available beers 
85 % v/v Victoria Bitter beer 
 in full strength Oxoid MRS agar 
+ 2 % maltose 
Pediococcus damnosus 
Isolated and purified
1
 from  
commercially available beers 
85 % v/v Victoria Bitter beer  
in full strength Oxoid MRS agar 
+ 2 % maltose 
Zymomonas mobilis ZM4 
strain ATCC 31821
2 
5 g/L yeast extract, 10 g/L 
glucose,  
5 g/L peptone, 15 g/L agar 
Acetobacter aceti B450 
AWRI
3
 culture collection 
isolated from beer 
10 g/L calcium carbonate,  3g/L 
glucose, 15 g/L agar,  
10 g/L yeast extract, 25 g/L 
mannitol, 2 % v/v ethanol 
Saccharomyces cerevisiae Wyeast 1007 – Wyeast labs4 Oxoid malt extract agar 
Saccharomyces cerevisiae Wyeast 1084 – Wyeast labs4 Oxoid malt extract agar 
Saccharomyces cerevisiae Wyeast 3944 – Wyeast labs4 Oxoid malt extract agar 
Saccharomyces cerevisiae Wyeast 2206 – Wyeast labs4 Oxoid malt extract agar 
Brettanomyces bruxellensis Wyeast 5112 – Wyeast labs4 Oxoid malt extract agar 
Brettanomyces lambicus Wyeast 5526 – Wyeast labs4 Oxoid malt extract agar 
1 
Purified and isolated by G. Menz et al., (2010).  
2
 Vriesekoop et al., (2002).  
3 
Australian Wine Research Institute, Waite, South Australia, Australia. 
 
4 
Wyeast Laboratories, Inc. Odell, OR. 
 
 
3.10.1. Vitamin uptake and production by various yeast strains 
A variety of yeast strains (Saccharomyces cerevisiae strains in Table 3.3) were assessed 
for their uptake and production characteristics of vitamins. This was performed by 
inoculating 10
5
 cell/ml of each individual strain into a series of 1 L, cotton wool 
stoppered Erlenmeyer flasks containing 600 ml of a 1.040 g/cm
3
 wort (Section 3.3), 
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which were incubated at 20 °C for five days. All flasks were vigorously agitated for one 
hour prior to inoculation to facilitate aeration, after inoculation they were incubated 
statically to mimic brewery fermentation conditions. Samples were taken every hour for 
the first six hours, then every six hours for the next 18 hours, followed by every 24 hours 
for the remaining four days. All cultures were assessed in triplicate and the experiments 
were performed in duplicate. 
 
 
3.10.2. Effect of specific gravity on the vitamin uptake/production of vitamins of S. 
cerevisiae 
The effect of specific gravity on the vitamin uptake/production of S. cerevisiae was 
investigated by inoculating (at 10
5
 cell/ml) the Wyeast 1007 into 1 L Erlenmeyer flasks 
(fitted with cotton bungs) containing 600 ml of a 1.040 g/cm
3
 (low gravity) or a 1.080 
g/cm
3
 (high gravity) wort. All flasks were incubated at 20 °C for five days as outlined in 
Section 3.10.1. Both low and high gravity wort experiments were performed in triplicate 
and the experiments were independently duplicated.  
 
 
3.10.3. Effect of oxygen presence on the vitamin uptake/production of S. cerevisiae 
The effect of oxygen on the vitamin uptake/production of S. cerevisiae was investigated 
by inoculating (at 10
5
 cfu/ml) the Wyeast 1007 into 800 ml of a 1.040 g/cm
3
 wort (in 2 L 
Erlenmeyer flasks fitted with cotton wool bungs) that were both static and shaken (200 
rpm at 20 °C). The shaken flasks were baffled with stainless steel coils as reported by 
Hucker and Vriesekoop (2008) and represented oxygen-rich conditions; while the static 
flasks were not disturbed at all and represented oxygen-poor conditions. During the 
experiment, the dissolved oxygen content of the fermenting wort (Section 3.11.6) was 
monitored in all flasks. All flasks were incubated at 20 °C for five days as outlined in 
Section 3.10.1. Both shaken and static flasks were analysed in triplicate and the 
experiments were independently duplicated  
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3.10.4. The intercellular and extracellular concentration of vitamins in fermenting S. 
cerevisiae 
The intercellular and extracellular vitamin concentrations of a fermenting yeast culture 
were investigated. This was performed by inoculating Wyeast 1007 at 10
5
 cfu/ml into a 
1.040 g/cm
3
 wort and sampling every hour for six hours, followed by every six hours for 
24 hours, then every 24 hours for 10 days. Samples (30 ml) were taken and centrifuged at 
5000 rpm (Hettich Universal 30F Zentrifugen) for five minutes. The supernatant was 
removed and analysed for vitamin content, while the pellet was treated as per Section 4.6. 
All treatments were performed in triplicate and the experiment was replicated. 
 
 
3.10.5. The addition of vitamins to fermenting S. cerevisiae cultures in low and high 
gravity wort 
The effect of the addition of vitamins to fermenting yeast cultures in low and high gravity 
worts was investigated. Low and high gravity wort was prepared as in Section 3.3 and 
Wyeast 1007 and was inoculated into each flask at 10
5
 cfu/ml. Thiamine and riboflavin 
were added (100 µg/L) to the flasks and the growth, specific gravity and vitamin 
concentrations were monitored over a 10 day period. All flasks were incubated at 20 °C, 
performed in triplicate and the experiments were duplicated. 
 
 
3.10.6. The addition of vitamins to high osmotic stressed low vitamin fermenting S. 
cerevisiae cultures 
The effects of the addition of thiamine and riboflavin to high osmotic stressed low 
vitamin S. cerevisiae cultures was investigated. While the high gravity wort in Section 
3.10.5 imposes a potential osmotic stress, the wort stream was created by simply 
increasing the concentration of malt extract. This increases the sugar concentration and 
thus potentially imposing an osmotic stress, however, it also increases the overall 
concentration of other nutrients. Many breweries employing high gravity worts for their 
beer production use high sugar adjunct that are commonly devoid of nutrients other than 
sugars (Stewart 2006; Bamforth 2010). In order to investigate the influence of a high 
gravity (1.080 g/cm
3
) fermentation in the absence of additional nutrients, a low vitamin – 
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high gravity wort was produced by creating a 1.040 g/cm
3
 wort as per Section 3.3 and 
adding 120 g/L of maltose (Sigma-Aldrich, St Louis, MO).  This created a high gravity 
(1.080) g/cm
3
 wort with an elevated carbohydrate level, but without the benefit of an 
increase in other wort-related nutrients. Thiamine or riboflavin (100 µg/L) was then 
added to this to determine whether the addition of these vitamins can aid in increasing the 
yeast fermentation performance and viability. All treatments were performed in triplicate 
with all analyses performed in duplicate and the experiment independently replicated. 
 
 
3.10.7. The effect of vitamins on the ability for spoilage organisms to proliferate in the 
presence of hops and ethanol 
The effect of vitamins on the ability for spoilage organisms to proliferate in the presence 
of hops and ethanol was investigated. This was performed by inoculating L. brevis, P. 
damnonus, Z. mobilis, A. aceti (x2), B. bruxellensis and B. lambicus into a minimal media 
(Table 3.4) with added hops, ethanol and vitamins (Table 3.5). Cultures were inoculated 
into each flask (50 mL of media in cotton wool stoppered 100ml Erlenmeyer flasks) at 
10
3
 cfu/ml and were fermented for 20 days at 24 °C. An initial and final sample were 
taken to determine whether the presence of vitamins influenced the spoilage potential of 
these known beer spoilage organisms 
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Table 3.4. Base minimal media used in spoilage culture experiments.  
Composition based on research by Moore and Rainbow (1955), Carr (1958), Shankman et 
al., (1947), Russell et al., (1954), Dunn et al., (1947), Liu et al., (1995), Hammes and 
Hertel (2009) and Sievers and Swings (2005). 
Nitrogen source Supplier g/L 
 
Vitamins Supplier μg/L 
(NH4)2SO4 Chem Supply
a 
5 Biotin Sigma-Aldrich 100 
   Pantothenic acid Sigma-Aldrich 100 
Carbohydrate 
source  g/L Folic acid Sigma-Aldrich 100 
Maltose Sigma-Aldrich
b
 2.5 Inisitol Sigma-Aldrich 2000 
Glucose Sigma-Aldrich 2.5 
Niacin (nicotinic 
acid) Sigma-Aldrich 100 
   
p-aminobenzoic 
acid Merck
f
 100 
Amino Acids Supplier mg/L 
Pyridoxine 
hydrochloride Sigma-Aldrich 100 
Alanine Ajax Chemicals
c
 200 Choline chloride Sigma-Aldrich 100 
Aspargine Sigma-Aldrich 200 Cobalamin (B12) Sigma-Aldrich 100 
Aspartic acid Sigma-Aldrich 200 
 Arginine Sigma-Aldrich 200 
Cysteine Sigma-Aldrich 200 Trace Elements Supplier μg/L 
Glutamic acid BDH chemical Ltd
d
 200 H3BO3 Ajax Chemicals 500 
Glutamine Sigma-Aldrich 200 CuSO4 Ajax Chemicals 40 
Glycine Sigma-Aldrich 200 KI Ajax Chemicals 100 
L-Histidine Sigma-Aldrich 200 FeCl3 
BDH Chemical 
Ltd 200 
Isoleucine Sigma-Aldrich 200 MnSO4 Ajax Chemicals 400 
Leucine Sigma-Aldrich 200 Na2MoO4 Ajax Chemicals 200 
Lysine.HCl Sigma-Aldrich 200 ZnSO4 Chem Supply 400 
DL-Methionine Sigma-Aldrich 200 
 Phenylalanine Sigma-Aldrich 200 
Proline Research Organic Inc
e 
200 Salts Supplier g/L 
Serine Sigma-Aldrich 200 KH2PO4 Sigma-Aldrich 1.0 
Threonine Research Organic Inc 200 K2HPO4 Sigma-Aldrich 1.0 
LD-Tryptophan Research Organic Inc 200 MgSO4 
BDH Chemical 
Ltd 0.5 
Tyrosine Sigma-Aldrich 200 NaCl Chem Supply 0.1 
Valine Research Organic Inc 200 CaCO3 Chem Supply 0.1 
a
 Beverly, Australia 
b
 St Louis, USA 
c
 Sydney, Australia 
d
 Poole, England 
e
 Clevland, USA 
f
 Kilsyth, Australia 
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In order to investigate whether thiamine and riboflavin have an ameliorating effect with 
regards to the beer-related stresses potential spoilage organisms are exposed to in beer, a 
range of stress treatments (Table 3.5) were applied to a range of potential beer spoilage 
microorganisms in the minimal media listed in Table 3.4 and the production of off 
flavours such as lactic acid, diacetyl and acetic acid were measured as indicators of 
spoilage. 
 
Table 3.5. Stress treatments applied to spoilage culture experiments 
Stress Treatment  Vitamin Treatment  
Hops
a
 (mg/L) 750 Thiamine (μg /L) 50 
Ethanol
b
 (v/v) 3% Riboflavin (μg /L) 50 
a
 Ellerslie Hop Estate Pty Ltd, Myrrhee, Australia  
b
 CSR Distilleries, Yarraville, Australia 
 
 
3.11. Analytical Analysis 
Methods for the analysis of the vitamers thiamine, TMP, TDP, riboflavin and FMN were 
specifically developed as part of this thesis and are described in detail in Chapter 4. 
 
 
3.11.1. Sugar and organic acid analysis 
The analysis of a variety of sugar and organic acids, (Table 3.6), were performed using a 
Varian high performance liquid chromatography (HPLC) system with the following 
conditions: a Varian 9010 pump at a flow rate of 0.6 ml/min of 0.005 N sulphuric acid 
(H2SO4); Varian Prostar 410 autosampler (10 μL injection); Alltech 300 column heater 
(65 °C); Rezex ROA organic acid H+ (8%) 300 x 7.8 mm column fitted with a 
SecurityGuard cartridge Carbo-H 4 x 3.0 mm (Phenomenex, Torrance, CA) and a Varian 
9040 Refractive Index detector (40 °C). 
 
The system described above was used to accurately quantify the compounds listed in 
Table 3.6. The accuracy, precision (% RSD), limit of quantitation (LOQ), limit of 
detection (LOD) and Linearity of Calibration (LOC) data were calculated by the method 
described in Section 3.11.4. 
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Table 3.6. Accuracy, precision, LOQ, LOD and LOC data of the described sugar and 
organic acid method. 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(mg/ml) 
LOD 
(mg/ml) 
Range of 
linearity 
(mg/mL) 
LOC 
(R
2
 value) 
Dp4+
a
 98.4 3.6 0.33 0.075 0.33-33 0.9998 
Maltotriose
b 
97.1 5.3 0.08 0.025 0.08-8.6 0.9997 
Maltose
b 
98.3 4.2 0.10 0.025 0.20-21 0.9998 
Glucose
c
 99.6 2.1 0.10 0.025 0.20-21 0.9999 
Pyruvic acid
b 
98.2 5.2 0.05 0.025 0.05-5.1 0.9992 
Succinic 
acid
b 
98.7 4.1 0.05 0.015 0.05-5.1 0.9996 
Lactic acid
b 
97.3 3.2 0.03 0.050 0.03-3.2 0.9998 
Glycerol
c 
98.2 3.3 0.10 0.018 0.10-10.3 0.9992 
Acetic acid
c 
99.1 3.4 0.04 0.018 0.04-4.0 0.9998 
Methanol
c 
98.3 2.3 0.03 0.010 0.03-3.1 0.9995 
Ethanol
d 
99.8 1.6 1.00 0.500 1.0-100 0.9992 
a Dp4+ based on the fuel ethanol residual saccharides mix (Supelco, Sigma-Aldich, St Louis, MO);  
b Sigma-Aldrich (St Louis, MO);  
c Sharlau (Barcelona, Spain);  
d CSR distilleries (Yarraville, Australia) 
 
 
3.11.1.1. Standard and sample preparation for sugar and organic acid analysis 
A stock solution (x2 the concentration of the upper limit linearity) of the compounds 
listed in Table 3.6 were prepared fresh in 0.005 N H2SO4 and stored in amber bottles at 4 
°C. Under these conditions, it was found that the standard solution was stable for up to six 
months. This stock solution was diluted appropriately in 0.005 N H2SO4 and filtered 
through 0.45 µm RC syringe filters (Phenomenex, Torrance, CA) prior to injection. 
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3.11.2. Analysis of esters and higher alcohols 
A variety of esters and higher alcohols were analysed using a method based on IOB 
method 9.32 “Lower boiling-point volatile compounds in beer by gas chromatography” 
(Institute of Brewing 1997j). These esters and higher alcohols were analysed using a 
Varian CP 3800 gas chromatograph fitted with a CTC Combipal autosampler and 
equipped with head space sampling, utilising a headspace needle at 85 °C (1 ml); 
incubation at 80 °C for 20 minutes; injector (spilt 15:1) at 200 °C; SolGel-WAX column 
(30 m x 0.32 mm with a 1 µm film thickness, (SGE Analytical Science Pty Ltd, 
Ringwood, Australia); the carrier gas utilised was high purity hydrogen (3 ml/min); 
temperature profile used was 35 °C for 0.5 minutes to 100 °C at 5 °C/min held for 0.5 
minutes then increased to 200 °C at 60 °C/min and held for 0.83 minutes (total time of 17 
minutes); flame ionising detector (FID) at 240 °C.  
The accuracy, precision, LOQ, LOD and LOC of the method described above are shown 
in Table 3.7 and was calculated using the method described in Section 3.5.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
Table 3.7. Accuracy, precision, LOQ, LOD and LOC data of the described esters and 
higher alcohols method. 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(mg/ml) 
LOD 
(mg/ml) 
Range of 
linearity 
(mg/ml) 
LOC 
(R
2
 value) 
Acetaldehyde 97.3 3.4 1.14 0.50 1.14-114 0.995 
Acetone 98.4 2.6 0.22 0.01 0.22-22 0.993 
Ethyl acetate 99.3 5.3 1.01 0.51 1.01-101 0.997 
Methanol 95.4 5.3 0.21 0.01 0.21-20 0.998 
Propanol 97.6 2.6 0.50 0.02 0.50-50.5 0.996 
Ethyl butyrate 98.2 5.4 0.05 0.02 0.05-5.5 0.995 
n-butyl 
acetate 
97.4 3.6 0.04 0.01 0.04-4.3 0.995 
Isobutanol 98.4 2.8 1.01 0.52 1.01-102 0.997 
Isoamyl 
alcohol 
99.1 4.7 0.1 0.01 0.1-10.3 0.997 
Butanol 99.7 3.1 0.1 0.01 0.1-10.3 0.998 
Isoamyl 
acetate 
98.3 2.4 2.01 0.50 2.01-203 0.998 
Ethyl 
hexanoate 
95.4 4.3 0.02 0.01 0.02-2.1 0.998 
Amyl alcohol 95.6 5.3 1.01 0.53 1.01-102 0.998 
Ethyl 
octanoate 
98.3 2.7 0.01 0.005 0.01-1.1 0.997 
Phenylethanol 99.8 3.2 0.51 0.01 0.51-51 0.991 
All compounds were of > 98 % and supplied from Sigma-Aldrich (St Louis, MO). 
 
 
3.11.2.1. Standard and sample preparation for esters and higher alcohol analysis 
As stated in Section 3.11.2, this method was based around the Institute of Brewing (IOB) 
method 9.32. Three standard solutions were prepared in 98 % ethanol as per Table 3.8. 
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Table 3.8 Standard solutions of esters and higher alcohols.  
Flask 1 Conc. (g/50 ml)  Flask 3 
Conc. 
(g/50 ml) 
Amyl alcohol 2.53  Butanol 0.51 
Isoamyl alcohol 5.02  
Isoamyl 
acetate 0.52 
Isobutanol 2.52  Ethyl butyrate 0.26 
Propanol 1.26  n-butyl acetate 0.21 
Methanol 0.52  Ethyl acetate 5.06 
Acetaldehyde 2.85  Acetone 1.11 
1-phenylethanol 1.26 
 
Flask 2 
Conc. 
(g/50 ml) 
Ethyl hexanoate 1.02 
Ethyl octanoate 0.55 
All compounds were of > 98 % and supplied from Sigma-Aldrich (St Louis, MO).  
 
 
From the three flasks above, 10 ml of Flasks 1 and 2, and 5 ml of Flask 3 were added to 
ethanol (150 ml) and made to 200 ml in a volumetric flask (Flask 4). From Flask 4, 4 ml 
was diluted to 100 mL with 18 MΩ water (Flask 5). From Flask 5, a set of standards were 
produced for calibration by making appropriate dilutions in 18 MΩ water. All standards 
prepared in ethanol (Flasks 1-4) were found to be stable at 4 °C for up to six months, 
whereas Flask 5 and calibration standards were prepared fresh weekly. 3-heptanone (Alfa 
Aesar, Ward Hill, MA) was used as the internal standard and was prepared by adding 
3.23 g of 3-heptanone to 50 ml of 98 % ethanol and 1 ml of this solution was diluted in 
ethanol (200 ml). All standard and internal standard preparations were prepared at room 
temperature, stored at 4 °C and were warmed to room temperature before use.  
The sample or standard (5 ml) was added to a 10 ml headspace vial containing 2 g of 
NaCl (Chem Supply, Beverley, Australia) and 50 µL of internal standard. All vials were 
immediately sealed prior to analysis.  
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3.11.3. Analysis of ethanol content 
As shown in Section 3.11.2.1, ethanol content could be determined using HPLC however, 
throughout this research the ethanol content was also checked via head-space gas 
chromatography using the same system described in Section 3.11.2, with the following 
conditions: 
Headspace needle 85 °C (1 ml);  
Incubation at 80 °C for 7.5 minutes; injector (spilt 50:1) 150 °C;  
SolGel-WAX column 30 m x 0.32 mm with a 1 µm film thickness, (SGE 
Analytical Science Pty Ltd, Ringwood, Australia);  
The carrier gas utilised was high purity hydrogen (3 ml/min);  
Temperature profile used was 35 °C for 0.5 minutes to 150 °C at 62 °C/min and 
held for 1.15 minutes (total time of 3.5 minutes);  
Flame ionising detector (FID) at 200 °C. 
 
The accuracy, precision, LOQ, LOD and LOC of the method described above are shown 
in Table 3.9 and were calculated using the method described in Section 3.11.4 
 
Table 3.9. Accuracy, precision, LOQ, LOD and LOC data of the described ethanol 
method. 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ  
(% v/v) 
LOD  
(% v/v) 
Range 
of 
linearity  
(% v/v) 
LOC 
(R
2
 
value) 
Ethanol 99.8 3.2 0.2 0.05 0.2 - 2.0 0.997 
 
 
 
3.11.3.1. Standard and sample preparation for ethanol analysis 
Ethanol standards (1-10 % v/v) and n-propanol (5 % v/v, internal standard) were prepared 
in 18 MΩ water at room temperature and stored at 4 °C until required for analysis. 
Standards and samples were prepared by adding standard/sample (600 µL) to a 10 ml 
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headspace vial containing 2.1 ml of 18 MΩ water and 300 µL of internal standard. All 
standards and samples were prepared at room temperature. 
 
3.11.4. Accuracy, precision, Limit of Quantitation (LOQ), Limit of Detection (LOD) 
and Linearity of Calibration calculations for methods described in section 3.11.1-
3.11.3. 
All methods in Section 3.11.1-3.11.3 were assessed for their accuracy, precision, LOQ, 
LOD and LOC as shown in Tables 3.7, 3.8, 3.10. These were calculated using the 
following methods 
 
 
3.11.4.1. Accuracy  
The accuracy of the methods described in this research were determined by spiking a 
variety of different samples (five samples) with 10 and 20 % of a mixture of the upper 
concentration of each analysis in Tables 3.7, 3.8 and 3.10. This experiment was 
performed in duplicate and the average of all spike recoveries has been reported. To 
ensure this accuracy was maintained throughout analysis of all the samples, one in 10 
samples were spiked with a 50 % mixture of the upper concentration of each analyte and 
all calculated spike recoveries were maintained within a 95-105% recovery range.  
 
3.11.4.2. Precision 
The precision (% relative standard deviation) of these methods were calculated by 
performing multiple analyses (10 times) on the same sample. This was also performed on 
spiked and standard samples that contained a 50 % mixture of the upper concentration of 
each analyte. As with the accuracy determination, the precision of the methods described 
here was continually monitored during analysis with a tolerance of only 5 % RSD. If this 
was exceeded the samples were re-tested. 
 
3.11.4.3. LOQ, LOD and LOC 
The LOQ were calculated for each analyte on the basis of 10σ, using the regression lines 
for the calibrated standards. 
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3.11.5. Analysis of vicinal diketones 
The analysis of free vicinal diketones (VDK’s - 2, 3-butanedione (diacetyl) and 2, 3-
pentanedione) was performed at the Fosters CUB laboratory in Abbotsford, Australia. 
The vicinal diketones were analysed using HS-GC coupled with electron capture 
detection and all procedures used for this analysis were based on controlled in-house 
testing methods, which are described briefly in Sections 3.11.5.1 and 3.11.5.2. 
 
 
3.11.5.1. Standard and sample preparation for free VDK analysis 
All high purity standards of diacetyl and 2,3-pentanedione (> 90 %) were purchased 
through Sigma-Aldrich and were stored inside a second container at 4°C, to prevent 
condensation, and the standards were attempered to room temperature before they were 
opened. Standard solutions were prepared by adding ~ 30 ml of ethanol to a stoppered 50 
ml volumetric flask and weighed (to 0.0001g). Diacetyl (50 µL) was then added to the 
flask, restoppered and weighed (to 0.0001g) and 2,3-pentanedione (20 µL) was then 
added, restoppered, weighed (to 0.0001 g) and then the flask was made to volume with 
ethanol. 
An aliquot (10 ml) of the above solution was then added to a 250 ml volumetric flask and 
made to volume with ethanol. This solution was then transferred into a variety of GC 
vials, crimped and stored in the freezer for up to four months. 
 
Internal standard solution was prepared by adding 30 µL of 2,3-hexanedione (Sigma-
Aldrich, St, MO) to 30 ml of ethanol in a 50 ml volumetric flask. The solution was then 
made to volume and 10 ml was transferred to a 250 ml volumetric flask and made to 
volume with ethanol. The solution was mixed well, placed in GC vials, crimped and 
stored in the freezer for up to four months.  
 
Samples (20 ml) were first degassed by swirling them for five minutes in a conical flask 
(100 ml). An aliquot (2 ml) of degassed sample was then transferred to a 20 ml GC vial 
that contained 1 g (± 0.2 g) sodium sulphate and the vials were sealed. 15 µL of internal 
standard solution (fresh from freezer) was quickly added to the sealed vials and the 
samples were analysed via HS-GC. 
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3.11.5.2. HS-GC conditions used for the analysis of free VDK 
All standards and samples were analysed using a Varian CP 3800 gas chromatograph 
fitted with a CTC Combipal autosampler and equipped with head space sampling, 
utilising a headspace needle at 95 °C (1 ml); incubation at 50 °C for 15 minutes; injector 
(spilt 15:1) at 150 °C; BP1, 25 m x 0.53 mm ID, 5.0 μm film thickness, (SGE Analytical 
Science Pty Ltd, Ringwood, Australia); the carrier gas utilised was high purity nitrogen (4 
psi); column temperature 100 °C; electron capture detector (ECD) at 240 °C.  
All samples and standards were maintained within the calibration ranges/tolerances set by 
Fosters CUB requirements.  
 
 
3.11.6. Analysis of specific gravity, dissolved oxygen, pH and moisture 
Specific gravity was measured using an Anton Paar DMA 35n density-specific gravity 
concentration meter (Anton Paar GmbH, Graz, Osterreich). Dissolved oxygen was 
measured using a TPS WP82Y dissolved oxygen and temperature meter (Thermo Fisher 
Scientific, Scoresby, Australia). pH was measured using a LC80A pH-mV-temperature 
meter (TPS Pty Ltd, Springwood, Australia). Moisture content was measured using a 
Sartorius MA30 moisture analyser (Sartorius AG, Göttingen, Germany). 
 
 
3.11.7. Protein analysis (Bicinchoninic acid method) 
Total protein measurements were made during the development of the thiamine and 
riboflavin vitamer analytical methods (Section 4.5). These measurements were performed 
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Scoresby, Australia).  
 
 
3.11.7.1. Analysis of protein content using the Pierce BCA protein assay kit 
Using the reagents and test instruction provided in the test kit, a 50:1 mixture of BCA 
reagent A to BCA reagent B was produced and 2 ml was transferred to a test tube 
containing 0.1 ml of appropriately diluted standard or sample and incubated  at 37 °C for 
30 minutes. Standards or samples were cooled to room temperature and analysed by 
spectrophotometer at 562 nm against a blank (containing only Milli-Q-water). Since the 
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reaction does not come to completion all standards and samples were read within 10 
minutes after blank adjusting the instrument.  
 
A standard curve was produced by diluting the 2 mg/ml bovine serum albumin (BSA) 
standard (provided in the kit) according to the standard test protocol described in the kit 
instruction. All samples were diluted in Milli-Q-water so that the results were in the 
working range of 20-2000 μg/ml as per the standard curve and all analyses was performed 
in triplicate. 
 
 
3.11.8. Hot water extract of barley and light coloured dark malts 
Hot water extracts of malted and unmalted cereals were produced for a variety of analyses 
used throughout this research. Hot water extracts were produced using IOB method 2.3 
“hot water extract of ale, lager and distilling malts (EM)”, IOB method 3.3 “hot water 
extract of coloured malts” and IOB method 4.6 “hot water extract of untreated grain grits 
and other raw grain” (Institute of Brewing 1997g, 1997f, 1997a). In all instances a DFLU 
mill (Buhler-Miag (Bühler AG), Uzwil, Switzerland) was used according to the IOB 
method 2.4 “general instructions for the DFLU mill” to produce a 0.7 mm grist (Institute 
of Brewing 1997d). Details of these hot water extract methods are detailed below. 
 
 
3.11.8.1. IOB method 2.3 “hot water extract of ale, lager and distilling malts (EM)” 
(Institute of Brewing 1997g) 
Lightly coloured milled malt (50 g, < 120 EBC) was placed in a previously weighed 
stainless steel beaker; with 71 °C water (360 ml) was added to the grist in a single 
infusion step. The final temperature of the grist was 65 °C and this was maintained by 
placing the beakers in a hot water bath that was maintained at 65 °C for one hour. All 
samples were stirred every five minutes for the one hour period and were covered by a 
100 mm watch glass to minimise evaporation. After one hour the mash was cooled to 
room temperature and filtered through 32 cm fluted filter paper (Macherey-Nagel GmbH 
and Co. Duren, Germany). The first 50 ml of the filtrate was refiltered and all of the 
filtrate was collected and used for the appropriate analysis. 
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3.11.8.2. IOB method 3.3 “hot water extract of coloured malts” (Institute of Brewing 
1997f) 
This method is the same as the IOB method 2.3 with the exception that 25 g of coloured 
malt (> 121 EBC) and 25 g of pale malt (Pilsner malt, Joe White Malting, Ballarat, 
Australia) are added to the stainless steel beakers. A beaker containing 50 g of pale malt 
was also used as a control. The extract was produced as per Section 3.11.7.1 and the 
collected filtrate was used for the appropriate analysis. 
 
 
3.11.8.3. IOB method 4.6 “hot water extract of untreated grain grits and other raw 
grain” (Institute of Brewing 1997a) 
Twenty-five grams of milled grain (Institute of Brewing 1997d) was added to a stainless 
steel beaker and water (200 ml at room temperature) was added to the beaker with 
continual stirring. The beaker was placed into a boiling water bath where it was heated to 
90 °C for 30 minutes, with continual stirring, and then cooled to 65 °C, creating a 
gelatinised product. Meanwhile milled pale malt (20 g) was added to 100 ml of 65 °C 
water in a stainless steel beaker. This mash was quickly added to the gelatinised product 
and washed with two portions of water (30 ml at 65 °C) and the total mash was 
maintained at 65 °C for two hours, while stirring every 10 minutes.  The total mash was 
rapidly cooled to room temperature and adjusted to 450 g with room temperature water 
and filtered as described in Section 3.11.7.1. A 50 g control mash was also performed as 
per Section 3.11.7.1.  The collected filtrate was used for a variety of analyses. 
 
 
3.11.8.4. Calculations for hot water extracts produced in sections 3.11.7.1-3.11.7.3. 
All calculations for degrees saccharifcation and percentage soluble extract were 
performed as per the associated IOB method. All specific gravity measurements were 
made as per Section 3.11.6. 
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3.11.9. Analysis of Free Amino Nitrogen (FAN) 
Free alpha amino nitrogen (FAN) was measured using the IOB methods 2.12 and 9.3 
(Institute of Brewing 1997i, 1997c). Extracts were produced as per the methods described 
in Section 3.11.7.  All extracts were diluted (1 ml of extract into 50 ml of water) before 
analysis. All reagents were prepared and the analysis was performed as described by IOB 
method 9.3 and are listed below. 
 
 
3.11.9.1. Reagents 
Colour reagent 
Disodium hydrogen orthophosphate (100 g, Ajax Chemicals, Sydney, Aus), 60 g of 
potassium dihydrogen phosphate (Sigma-Aldrich, St Louis, USA), 5 g of ninhydrin (Ajax 
Chemicals, Sydney, Australia) and 3 g of fructose (Ajax Chemicals, Sydney, Australia) 
were added to 800 ml of distilled water. The pH was adjusted to 6.7 with 1 M sodium 
hydroxide (Chem Supply, Beverley, Ausralia) solution and made to 1 L with distilled 
water. The solution was stored in an amber bottle at 4 °C for up to two weeks, as per IOB 
method 9.3. 
 
Dilution solution 
Potassium iodate (2 g) was dissolved in 600 ml of water and 400 ml of 96 % v/v ethanol 
(CSR Distilleries, Yarraville, Australia). 
 
Glycine standard solution 
Glycine (0.1072 g) (Sigma-Aldrich, St Louis, MO) was dissolved in 100 ml of distilled 
water and the solution was stored in an amber bottle at 4 °C until use. When required 1 ml 
of this solution was diluted in 100 ml of water for analysis, (solution contains 2 mg of 
amino nitrogen/L). 
 
 
3.11.9.2. Analysis of FAN 
Diluted sample/standard (2 ml) and colour reagent (1 ml) were placed in a boiling water 
bath for exactly 16 minutes and then cooled by placing the sample into a 20 °C water bath 
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for 20 minutes. Once cooled, a diluting solution (5 ml) was added, mixed and read at 570 
nm in a one cm cuvette and compared to a blank reference (distilled water). This was 
performed in triplicate and the results were averaged with the FAN calculated using the 
following formula: 
 
FAN (mg/L) =  (A1 x 2 x d)             (Eq. 3.1) 
               A2          
A1 = Absorbance of sample (570 nm); A2 = Absorbance of blank reference (570 nm); d = 
Dilution factor 
 
For malt samples 
 
FAN (% m/m in dry malt) =        8.773 x N x 10    (Eq. 3.2) 
       1000 x SG x (100-M)  
 
N = FAN (mg/L); SG = Specific gravity of wort at 20 °C; M = Moisture content (% m/m) 
 
 
3.11.10. Colour measurements (IOB method) 
Laboratory worts were produced as described in Section 3.11.7 and were analysed using a 
Lovibond 3000 comparator EBC 3000 (Tintometer GmbH, Dortmund, Germany) with a 
25 mm path length (Institute of Brewing 1997e, 1997h, 1997b).  
The colour of each malt sample was calculated using the following formula: 
 
 
Colour (EBC) =  C x D x 25      (Eq. 3.3) 
          L 
 
C = colour of diluted sample; D = dilution factor (include factor of 2x when analysing 
colour malts to allow for malt dilution in wort preparation); L = path length of standard 
glass cuvette (mm). 
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3.11.11. Yeast viability counts via methylene blue staining 
Yeast viability was assessed using the IOB method 21.33 “pitching yeast examination: 
assessment of yeast viability” (Institute of Brewing 1997k). Appropriate dilutions of the 
yeast culture were diluted with sterile distilled water and then mixed with methylene blue 
stain (10 mg methylene blue; 2 g sodium citrate dehydrate in 100 ml distilled water). The 
proportion of stained (dead) and unstained (live) cells was counted and percentage 
viability was calculated.  
 
 
3.12. Sensory Analysis of Bottle Conditioned and Filtered Beers Stored 
at a Variety of Temperatures 
To determine whether storage of beer affects the vitamin and flavour profiles of bottle 
conditioned and filtered beer, 360 bottles of commercially available bottle conditioned 
and filtered beer was purchased (total of 720 beers) and placed at 4, 14, 24 and 34 °C for 
a 16 week period. The filtered beer used in this study was bought as close to the 
production date as possible and the bottle conditioned beers were obtained two days after 
bottling. The bottle conditioned beers were first held at 20 °C for two weeks (as per 
standard warehouse temperatures obtained from the producer). During the initial two 
week storage period for the bottle conditioned beers samples were taken at the time of 
bottling, five days, one week and two weeks and analysed for vitamin content and yeast 
viability (Section 3.11.10). At the end of this initial storage period, all beers were divided 
up and placed into the respective storage temperatures and held for the 16 week period. A 
semi-trained, sensory panel consisting of 16 beer drinkers was asked to evaluate whether 
they could sense any differences between the stored beers by using a triangle taste testing 
method. Panellists were also asked to attempt to describe the differences (if any) that they 
could detect and indicate their preference between their samples. All results were 
recorded using the sensory evaluation form (Appendix 1). Samples from each storage 
temperature were taken at the start of the temperature storage (time 0 weeks), 1, 3 5, 7, 9, 
11, 13 and 16 weeks. At the same time intervals samples were taken and analysed for 
their yeast viability (bottle conditioned only), vitamin (Section 4.4), ester and higher 
alcohol (Section 3.11.2) contents in order to be able to compare or match to the sensory 
results reported by the panellists.  
55 
 
 
 
3.12.1. Ethics clearance for the sensory analysis 
The use of a sensory panel for the evaluation of the taste and aroma of beers was 
approved by the University of Ballarat’s Human Ethics Research Committee on the 21st 
of February 2011 (project code A11-007) and all panellist were asked to sign an informed 
consent form prior to the commencement of the sensory study (Appendix 1) 
 
 
3.13. Statistical Analysis and Reproducibility 
Unless stated otherwise all experimental treatments were performed in triplicate, with 
each experiment being performed at least twice. All statistical analysis was performed 
using SigmaPlot 11.0 software (Systat System Inc, Chicago, IL). 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 - Development of High Performance Liquid 
Chromatographic Methods for the Analysis of Thiamine 
and Riboflavin Vitamers in Malting and Brewing 
Related Products 
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4.1. Introduction 
Since the discovery of water-soluble vitamins, such as thiamine and riboflavin in the 
1930’s, a variety of analytical methods have been developed to accurately determine these 
essential nutrients. These methods have included microbiological (AOAC International 
2005b) and fluorometric approaches (AOAC International 2005a) through to a variety of 
high performance liquid chromatography (HPLC) methods (Lynch et al., 2000; Esteve et 
al., 2001; Vinas et al., 2003; Vinas et al., 2004; Batifoulier et al., 2005; Hong-Zhi et al., 
2005). With technological advancements there has been a shift towards the newer and 
more accurate chromatographic analyses including HPLC, ultra-high pressure liquid -
chromatography (UHPLC) and liquid chromatography mass spectrometry (LC-MS) and 
unlike their predecessors (microbial and fluorometric methods), these chromatographic 
methods have the ability to differentiate between the various forms of thiamine and 
riboflavin found in nature, as well as providing more accurate results as matrix 
interferences are removed (Lynch et al., 2000). The advances in separation techniques 
have led to the more accurate separation and quantitation of the various vitamers of 
thiamine (thiamine; thiamine mono-phopshate (TMP); and thiamine di-phosphate (TDP)), 
and riboflavin (riboflavin; riboflavin 5’-phosphate (FMN); and flavin adenine 
dinucleotide (FAD)). Most modern chromatographic systems utilise a variety of detectors 
including Ultraviolet/Visible (UV/Vis), photodiode array (PDA), refractive index (RI) 
and mass spectrometer (MS) to increase the potential detection limits. Due to its high 
sensitivity, relatively low cost and the use of specific excitation and emission 
wavelengths, the fluorescence detector has been typically employed for the analysis of 
low level (ppb range) thiamine and riboflavin vitamers (Finglas et al., 1987; Rizzolo et 
al., 1992; Finglas 1993; Kawasaki et al., 2000). However, unlike the riboflavin vitamers; 
thiamine vitamers do not naturally fluoresce. The lack of natural fluorescence can be 
overcome by specific derivatisation of the base compound in order to induce artificial 
fluorescence.  
Thiamine and its vitamers can be derivatised into thiochrome esters (Fig. 4.1) prior to 
detection by methods that have been well described in the past, by a variety of authors for 
fluorimetric assays (Uber et al., 1940b, 1940a; Slater 1941; Mickelsen et al., 1945; Das 
Gupta et al., 1968); capillary electrophoresis (Su et al., 2001; Su et al., 2004); and HPLC 
analysis (Bontemps et al., 1984; Bettendorff 1991; Bettendorff et al., 1991; Andrés-
Lacueva et al., 1998; Mattivi et al., 2000; European Committee for Standardisation 
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2003b, 2003a; Vinas et al., 2003; Batifoulier et al., 2005; Backermann et al., 2008; Pegg 
et al., 2010).  
 
 
Figure 4.1. Reaction of thiamine to the fluorescent thiochrome in the presence of alkaline 
potassium ferricyanide. 
 
 
The derivatisation of thiamine to thiochrome generally occurs under alkaline conditions 
due to strongly enhanced fluorescence of the derivatised product at pH > 8 (Barger et al., 
1935a; Barger et al., 1935b; Kuhn et al., 1935; Kawasaki et al., 2000). However, due to 
the alkaline nature of the derivatised sample, it is not possible to directly introduce a 
derivatised sample into a HPLC system without it first being neutralised (Fellman et al., 
1982). This is mainly due to the fact that the vitamers are best separated by reverse-phase 
HPLC or non-polar C18 columns, which degrade extremely rapidly under alkaline 
conditions (Kiel et al., 1985; Hill 1990; Lambert et al., 1995). Strengthened alkali-silica 
columns have been utilised in the past for alkaline separations (Hansen et al., 1988; Hill 
1990; Lambert et al., 1995) that could be employed for this work, however there is no 
information on whether the strong oxidative potential of potassium ferricyanide would 
destroy a column. Alternatively, the derivatisation can be facilitated after the compounds 
have been separated on the column (post-column) (Vinas et al., 2003). This method 
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employs a secondary pump and a mixing coil system that is connected to the effluent of 
the column, which allows the effective conversion of thiamine to thiochrome without risk 
of dissolving the silica gel. This method too has its drawbacks as the HPLC effluent has 
to be neutralised before release. Pre-column  derivatisation (Bontemps et al., 1984; 
Brunnekreeft et al., 1989) may be time consuming, however it is more advantageous over 
post-column methods as the analyst can control the reaction more thoroughly, there is no 
risk of column degradation in case the flow of mobile phase is halted during analysis for 
whatever reason and it has a lower capital cost. 
 
The aim of this chapter is to report the methodologies that were developed and 
subsequently employed to create a set of simple, but highly accurate, reproducible and 
cost effective procedures for the analysis of thiamine and riboflavin vitamers in a variety 
of malting and brewing-related sample matrices. It must be noted that only thiamine and 
riboflavin vitamers were investigated in this research as the required detection limits of 
other vitamins were not possible to achieve.  
 
 
4.2. HPLC System, Column, Mobile Phase, Detector and Wavelength 
Selection 
As described above (Section 4.1); HPLC systems have been found to be far more accurate 
for the simultaneous determination of a variety of vitamers at than basic microbial and 
fluorometric methods. In this research a Varian HPLC (Varian Inc, Mulgrave, Australia) 
was utilised for all thiamine and riboflavin vitamer analysis. The HPLC system consisted 
of a Prostar 230 solvent delivery system (flow rate 1 ml/min), a Prostar 410 autosampler 
(10 μL injection), a Prostar 500 column valve module (30 °C) and a Prostar 363 
fluorescence detector (360/425 nm and 270/516 nm excitation/emission for thiamine and 
riboflavin vitamers respectively).The column utilized was a Varian Pursuit C18 5μm (250 
mm  4.6 mm) fitted with a Securityguard Cartridge (C18 4  3.0 mm) (Phenomenex, 
Torrance, CA).  
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4.2.1. Column selection 
Typically C18-bonded columns have been utilised for the analysis of both thiamine and 
riboflavin due to their relatively low cost, and the increased resolution that can be 
obtained. In this research three columns were trialled to determine the most effective 
column with regards to separation efficiency. These included: 
 
[1] Varian Pursuit C18 column; 5 μ (250 mm  4.6 mm) (Section 4.2),  
[2] Synergi Hydro RP C18 column; 4.0 μ (250 x 4.6 mm) (Phenomenex, Torrance, 
CA); and  
[3] Gracesmart RP C18 3μ (150 x 4.6 mm) (Grace Davison Discovery Sciences, 
Deerfield, USA). 
 
In order to test these columns, 10 μL of the same vitamin standard (200 μg/L of each 
thiamine and riboflavin vitamer) was prepared as per Sections 4.3 and 4.4 and injected 
three times onto each column using a 10 mM phosphate buffer and methanol gradient, as 
described in Section 4.2.2. Examples of each chromatogram from this experiment are 
shown in Figure 4.2. 
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Figure 4.2. Chromatograms of thiamine and riboflavin vitamers resolved on various 
columns.  
A – Grace Smart C18 (thiamine vitamers); B – Synergi Hydro C18 (thiamine vitamers); 
C – Pursuit C18 (thiamine vitamers); D – Grace Smart C18 (riboflavin vitamers); E – 
Synergi Hydro C18 (riboflavin vitamers); F – Pursuit C18 (riboflavin vitamers). Vitamer 
concentration of 200 μg/L of each vitamer.  
 
 
The use of the Pursuit C18 column provided a much greater resolution for both thiamine 
and riboflavin vitamers when using a phosphate buffer and methanol gradient, compared 
to the two other columns. As shown (Fig. 4.2), all three columns were in-principle 
designed to suit this type of analysis, however due to the excessive price of the Synergi 
Hydro column and the fact that it required higher levels of methanol to optimise the 
separation and resolution with regards to these vitamers; it was excluded from this 
research. The Gracesmart column was also excluded because the longer Pursuit C18 
column (250 mm versus 150 mm) gave better separation and resolution of the standard 
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mixtures (Figs. 4.2 A, C & 4.2 D, E). The relatively low cost and better resolution of the 
Pursuit C18 column made it an ideal choice for this analysis. 
 
 
4.2.2. Mobile phase selection 
Throughout the literature a variety of mobile phases have been utilised for the separation 
of both thiamine and riboflavin vitamers by reverse phase liquid chromatography. 
Traditionally most mobile phases contain a buffer and an organic solvent such as 
methanol or acetonitrile. One of the most commonly used is a phosphate buffer, mainly 
due to its superior buffering ability and ease of preparation. The use of ion-pairing and 
“MS friendly” mobile phases (ammonium acetate/formate) have also been employed in 
the analysis of thiamine and riboflavin vitamers (Yamanaka et al., 1994; Chen et al., 
2006). In order to determine the most suitable mobile phase that provided compatibility 
with the column; optimised separation; and a high level of resolution; the following 
combinations were trailed.    
 
[1] 10 mM potassium phosphate buffer (KH2PO4/K2HPO4); 
[2] 10 % v/v tetrabutylammonia phosphate (TBAP) (Sigma-Aldrich, St Louis, MO); 
and 
[3] 10 mM ammonium acetate (Sigma-Aldrich, St Louis, MO)  
 
All buffers were utilised in conjunction with methanol on a Pursuit C18 column, with the 
following gradient elution profile. The mobile phase consisted of solvent A: buffer (see 
above); and solvent B: 100% methanol, which were applied as follows: 0-0.5 minutes 
95:5 A:B; 0.5-10 minutes 65:35 A:B; 10-15 minutes 65:35 A:B; 15-16 minutes 95:5 A:B; 
at a total run time of 25 minutes. During this experiment, 10 μL of the same mixed 
standard vitamer solution (200 μg/L of each thiamine and riboflavin vitamer) was injected 
into the HPLC using the gradient described above with the different buffering system. 
Three separate injections were performed with each buffering system and an example of 
each trial is shown in Figure 4.3 
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Figure 4.3. Chromatograms of thiamine and riboflavin vitamers resolved using various 
buffering systems.  
A – Ammonium acetate (thiamine vitamers); B – Tetrabutylammonia phosphate (TBAP) 
(thiamine vitamers); C – Potassium phosphate (thiamine vitamers); D – Ammonium 
acetate (riboflavin vitamers); E – Tetrabutylammonia phosphate (TBAP) (riboflavin 
vitamers); F – Potassium phosphate (riboflavin vitamers). Vitamer concentration 200 
μg/L of each vitamer. 
 
 
The use of an ammonium acetate buffer resulted in a relatively poor retention of the 
thiamine vitamers while TDP was not completely resolved (Fig. 4.3A). This resulted in an 
unsatisfactory quantitation of TDP; while the vitamers could not be adequately resolved 
in a beer matrix due to interference (data not shown). However this effect was not 
observed with the riboflavin vitamers when applying the ammonium-acetate buffer, 
instead only showing a slight peak broadening compared to the other two columns (Figs. 
4.3D-F). The use of TBAP as a buffer produced good separation and resolution of 
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thiamine vitamers (Fig. 4.3B), however FMN could not be resolved (Fig. 4.3E). The use 
of the potassium phosphate buffer provided the most reproducible chromatograms of the 
three buffers and was suitable for both sets of vitamers (Figs. 4.3C & F). The general aim 
of this method was to develop a simple, cost effective, fast, reliable, and accurate method; 
hence it was decided that a single mobile phase was to be used to allow for simplicity and 
rapid changeovers between analyses (i.e. little down time). This lead to the use of the 
phosphate buffer over the use of the TBAP buffer, since the phosphate buffer is cheaper 
and provided better resolution for all vitamers analysed in this study. Other 
buffer/methanol gradients were trialled to improve the separation and resolution of the 
vitamers; however none proved to be as successful as the phosphate/methanol gradient 
employed here (Section 4.2.2.1). Furthermore, methanol was chosen over acetonitrile due 
to its better availability within Australia and its lower cost. 
 
 
4.2.2.1. Mobile phase gradient 
The mobile phase gradient utilised for the experiment in Section 4.2.2 and throughout this 
research was: 
 
Solvent A: 10 mM potassium phosphate buffer; solvent B: 100% methanol 
0-0.5 minutes 95:5 A:B; 0.5-10 minutes 65:35 A:B; 10-15 minutes 65:35 A:B; 15-16 
minutes 95:5 A:B; at a total run time of 25 minutes. 
 
This gradient was utilised for both thiamine and riboflavin vitamers, as this allowed the 
simultaneous analysis of both thiamine and riboflavin vitamers if a dual channelled 
fluorescence detector was employed. During this research only a single channel 
fluorescence detector was available, but due to the use of a single mobile phase for both 
sets of vitamers, it is in-principle possible to use continuous automated switch between 
methods, resulting in little to no down time during analysis. 
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4.2.2.2. Phosphate buffer concentration 
As detailed in Section 4.2.2, a 10 mM potassium phosphate buffer provided suitable 
separation and resolution of both thiamine and riboflavin vitamers. A potential problem 
with phosphate buffers in HPLC systems is that they can easily precipitate in the presence 
of organic solvents such as methanol (Schellinger et al., 2004). This meant that a 
precipitation trial with various phosphate buffer concentrations and methanol was 
required to determine the most appropriate concentration that allowed for a relatively high 
throughput, without causing phosphate precipitation.  
The working-concentration of the potassium phosphate buffer was chosen by producing 
5, 10, 25, 50, 100 mM KH2PO4/K2HPO4 solutions, all at pH 6.5, and mixing them at room 
temperature in beakers with increasing concentrations of methanol (10 % increments with 
a total volume of 250 ml). All solutions were allowed to stand for 10 minutes, and 
checked for signs of phosphate precipitation. Those solutions which showed no obvious 
precipitate after 10 minutes were centrifuged at 5000 N/min for 10 minutes and 
observations were made again (Table 4.1). A simple hedonic scale was used to rank the 
formation of a precipitant. 
 
 
Table 4.1. Observation data from the phosphate/methanol concentration trial for selecting 
the best mobile phase. 
 - no precipitation ; + small amount of precipitation; ++ medium amount of precipitation; 
+++ large amounts of precipitation 
Phosphate 
Conc. (mM) 
Methanol concentration (% v/v) 
10 20 30 40 50 60 70 80 
5 - - - - - - - + 
10  - - - - - + + 
25 - - - - - + ++ ++ 
50  - - - + ++ +++ +++ 
100 - - + + ++ ++ +++ +++ 
  
 
In order to create the most stable buffering conditions the highest phosphate concentration 
that resulted in highest methanol use without precipitation was chosen. This initially lead 
to the use of a 25 mM phosphate buffer as only 35 % (v/v) methanol was required to elute 
the vitamers off the column. However after prolonged use of the 25 mM phosphate buffer 
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as a mobile phase, it was observed that a precipitate formed around the pump heads and 
guard cartridge unit. The likely explanation for this was that the high pressure or sudden 
pressure changes at various points within the lines caused the phosphate buffer to 
precipitate. In order to avoid phosphate based precipitation, the phosphate concentration 
was decreased to 10 mM as this concentration could be used for longer periods without 
the risk of precipitate formation in the HPLC system, making it far more versatile to 
facilitate high sample throughput. 
 
 
4.2.2.3. Mobile phase pH 
As mentioned before (Section 4.1) the optimal fluorescence of thiochrome esters is 
achieved in alkaline (pH > 8) conditions (Barger et al., 1935a; Barger et al., 1935b; Kuhn 
et al., 1935; Kawasaki et al., 2000). However, this pH is not suitable for silica based C18 
columns, hence the appropriate pH (< pH 7) had to be determined to produce an optimal 
fluorescence signal. This was undertaken by injecting 10 µL of a 250 ng/ml mixed 
standard solution into the HPLC (in triplicate) while altering the pH of the mobile phase. 
The optimal fluorescent response for all thiamine and riboflavin vitamers was obtained 
with a mobile phase buffered at pH 6.5 (Fig. 4.4).  
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Figure 4.4. Effect of mobile phase pH on the fluorescent properties thiamine, riboflavin 
and their respective vitamers (injected concentration of each vitamer is 250 ng/ml).  
A – Thiamine vitamers; B –Riboflavin vitamers. Error bars indicate the standard 
deviation of triplicate determinations of repeated experiments (i.e. n = 6). 
 
 
A buffering pH of 6.5 was found to provide the highest possible fluorescence for both 
thiamine and riboflavin vitamers. Statistically (p = 0.003) there is a significant difference 
between the fluorescent responses obtained between all thiamine vitamers when 
comparing pH 3.5 and 6.5 results, which is in agreement with previously published results 
(Ishii et al., 1979; Kawasaki et al., 2000) 
 
 
4.2.3. Detector and wavelength selection 
As mentioned in Section 4.1, fluorescence detectors offer a greater sensitivity and 
accuracy over UV/Vis or PDA detectors. This is due to the use of highly specific 
excitation wavelengths that produce compound-unique emission spectra for each 
individual compound. By measuring only one emission wavelength it is possible to 
suppress interfering compounds allowing for trace level analysis (ppt-ppb range) and 
highly reproducible results (Brinkman 1987). The only drawback is that the compound of 
interest must have a fluorophore, otherwise a compound will have to be derviatised prior 
to analysis. A fluorescence detector was used throughout this research to accurately 
determine the thiamine and riboflavin vitamer content. 
 
The conversion of thiamine to thiochrome (as described in Section 4.1) is well 
documented and fully described. The fluorescent wavelengths for the thiochrome esters 
are well known at 375 nm for excitation and 432-435 nm for emission (Kawasaki et al., 
2000). However these are the ideal wavelengths in an alkaline environment (pH > 8), 
which is not ideal for HPLC silica based columns. Previous researchers (Bettendorff 
1991; Finglas 1993; Barna et al., 1994; Ihara et al., 2001; Batifoulier et al., 2005; Alonso 
et al., 2006; Backermann et al., 2008) have reported wavelengths in the ranges of 360-
375 nm and 420-460 nm (excitation/emission) for the analysis of thiamine vitamers. In 
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this work the optimal excitation/emission wavelengths were found to be 360 and 425 nm 
respectively.  
 
Riboflavin analysis is typically performed at an excitation wavelength range of 370-450 
nm and an emission wavelength range of 510-540 nm. However, the pH of the 
environment has a significant effect on the stability of the vitamin. Satter and deMan 
(1977) found that riboflavin is degraded to lumiflavin (when pH > 10) or lumichrome 
(when pH < 10) when subjected to wavelengths in the range of 350-520 nm with the most 
destructive wavelength range at 415-455 nm. As a consequence, it is possible that a 
significant portion of riboflavin is being lost as it is measured under typical analytical 
conditions and therefore any result would be an underestimation of the riboflavin content. 
This was also reported by Vinas et al., (2004) who found an increase in fluorescent 
response when applying an excitation wavelength of 270 nm. In order to find the 
optimised combination of excitation and emission wavelengths a 250 μg/L riboflavin 
vitamer mix was injected into the HPLC and measured at a variety of different 
excitation/emission wavelength combinations (Fig 4.5) 
 
Figure 4.5. Riboflavin wavelength testing of excitation and emission wavelength.  
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At an emission wavelength of 516 nm, it was found in all instances that the peak area 
response was greater than that at 520 nm making this an ideal emission wavelength to 
monitor for this analysis. A higher area response and therefore a better fluorescent 
response was found when the riboflavin vitamers were analysed at 270/516 nm (Fig. 4.5). 
A 34 % decrease in fluorescent response was observed between the 270/516 to 375/516 
and up to a 65% decrease between 270/516 to 450/516 nm. It must be noted that this was 
performed with a mobile phase pH of 6.5 whereas typical analysis of riboflavin vitamers 
is at pH 4.0 (see Section 4.2.2.3 for further explanation of pH selection). However, the 
brief exposure to the potentially destructive wavelengths may cause an overall decrease in 
detection limits during analysis. The choice of 270/516 nm (excitation/emission) provided 
an excellent detection limit and reproducibility for this analysis (Section 4.8). 
 
 
4.3. Converting Thiamine to Thiochrome 
The reaction of thiamine to thiochrome by potassium ferricyanide was first published in 
1935 (Barger et al., 1935b; Barger et al., 1935a; Kuhn et al., 1935) and has become one 
of the most common chemical methods of analysis for thiamine vitamers. Other 
compounds such as alkaline cyanogens, bromide and mercuric chloride (Ryan et al., 
1980; Laschi-Loquerie et al., 1992) have also been used to facilitate this reaction however 
due to the inherent hazardous and toxic nature of these derivatisation agents and their 
products, these agents have only been used on rare occasions and have not been 
considered in this research. 
 
As mentioned earlier the thiochrome derivatisation reaction can be facilitated either post- 
or pre-column depending on the HPLC set up. Post column derivatisation was initially 
contemplated and trialled, however it was ultimately rejected and thus not used in this 
research. This was because the secondary pump that was required in order to constantly 
dose the thiochrome derivatisation agent into the column effluent, prior to entrance into 
the detector, was unable to supply a stable stream of derivatisation agent containing 
liquid. This led to the development of a pre-column derivatisation method utilising a 
solution consisting of 1 % w/w potassium ferricyanide (Mallinckrodt AR, Giesheim, 
Germany)  in a 15 % w/w sodium hydroxide solution (Chem Supply, Beverley, 
Australia).  This solution was freshly prepared on a weekly basis and stored in amber 
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bottles at 4°C until used. The reactive power of this solution was not lost under the 
described storage conditions and this was tested by derivatising the same 250 μg/L mixed 
thiamine vitamer standard and  250 μg/L spiked thiamine vitamer beer sample (in 
quadruplicate) every day for seven days and measuring the thiamine vitamer recovery. No 
statistical difference (p = 0.578) was recorded between the first and last samples 
suggesting that the oxidising power is not lost under these storage conditions (Table 4.2). 
 
 
Table 4.2. Stability of the alkaline potassium ferricyanide reagent over a seven day 
period.  
Thiamine 
vitamer Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
Standard
a
 
Thiamine 
250 
(1.2)
b 
252 
(3.4) 
249 
(1.2) 
251 
(2.1) 
252 
(3.5) 
249 
(4.5) 
251 
(1.8) 
Standard TMP 
251 
(1.4) 
249 
(5.1) 
252 
(4.5) 
250 
(3.4) 
250 
(2.9) 
249 
(1.3) 
252 
(1.7) 
Standard TDP 
253 
(2.5) 
251 
(1.2) 
250 
(3.4) 
252 
(1.2) 
253 
(1.7) 
254 
(4.8) 
250 
(3.2) 
Spiked
c
 
Thiamine 
376 
(3.4) 
377 
(1.4) 
375 
(1.3) 
376 
(4.1) 
378 
(1.8) 
375 
(3.4) 
374 
(4.8) 
Spiked TMP 
280 
(1.4) 
281 
(3.5) 
283 
(1.8) 
279 
(1.3) 
282 
(2.4) 
280 
(1.1) 
281 
(1.6) 
Spiked TDP 
266 
(1.1) 
267 
(1.4) 
268 
(2.4) 
263 
(5.4) 
265 
(3.4) 
270 
(2.6) 
264 
(4.2) 
All results are reported in μg/L. 
a Standard solution (250 μg/L) 
b
 Standard deviation of the data 
c
 Spiked (250 μg/L) beer sample 
 
 
Since this research employed a pre-column derivatisation step, all standards and samples 
were required to be neutralised prior to injection into the C18 column. This was 
performed by using a 1.33 M phosphoric acid solution. The final derivatisation conditions 
were: 
To 1 ml of sample/standard, 300 μL of alkaline potassium ferricyanide solution 
was added and vortexed for 15 seconds. The sample was neutralised with 600 μL 
of 1.33 M phosphoric acid (Sigma-Aldrich, St Louis, MO, USA) solution and 
made to 2 ml with mobile phase buffer (10 mM KH2PO4/K2HPO4; pH 6.5). This 
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resulted in a sample/standard pH of 6.5 and allowed for easy injection into the 
HPLC system.  
 
A series of experiments were conducted to determine the ideal derivatisation reaction 
time required to convert all thiamine and thiamine vitamers to their respective thiochrome 
forms. Both a standard solution and a commercially available pale ale sample (1 ml) were 
derivatised with 300 µL of a 1% w/v potassium ferricyanide in 15 % w/v sodium 
hydroxide solution, vortexed for 15 seconds and these solutions were allowed to sit at 
room temperature for a 10 minute period with sub-samples taken every two minutes and 
neutralized with a 1.33 M phosphoric acid solution. The derivatisation of thiamine or any 
of its vitamers to their respective thiochrome form appears to be instantaneous (Fig. 4.6). 
Extending the contact time of the derivatisation solution with the sample causes a 
decrease in the measured thiochrome concentration. The initial recorded concentrations 
were within expected ranges (> 98% recovery). These results indicate that the reaction 
time required to achieve full thiochrome conversion is no more than the initial vortexing 
procedure (15 seconds). Neutralization of the samples immediately following the 
vortexing step provided long-term (24+ hrs.) stability of the thiochrome esters at room 
temperature (20 °C), which allowed an automated sample injection system to be used 
(Fig. 4.7). 
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Figure 4.6. Effect of reaction time on the formation of thiochrome esters. 
A -250 μg/L standard solution; B - commerically available beer solution. Results shown 
are the average and standard deviations of triplicate solutions and triplicate injections 
across duplicate experiments (i.e. n = 18) 
 
 
 
Figure 4.7. Stability of thiochrome vitamers over a three day period when stored at room 
temperature (20 °C).  
A - Standard solution; B - beer sample. Results shown are the average and standard 
deviations of triplicate solutions and triplicate injection across duplicate experiments (i.e. 
n = 18) 
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The optimal amount of potassium ferricyanide required to derivatise all potential thiamine 
vitamers was also investigated. Different amounts of derivatisation solution were added to 
1 ml of standard solution or spiked (125 µg/L of each vitamer) pale ale beer samples. The 
addition of increasing volumes of derivatisation reagent to standard solutions of thiamine 
vitamers caused a lowering of the measured thiochrome response and the optimal volume 
was found to be 300 µL (Fig. 4.8). When comparing these results to a beer sample (Fig. 
4.8B), 300 µL of derivatisation reagent was required to achieve the highest possible 
response; while larger volumes did not negatively affect the fluorescent response.  This 
experiment was also repeated with stout and wheat beers to investigate any potential 
interference in more complex beers. The same effect as shown in Figure 4.6 B was 
recorded for the stout and wheat beers (data not shown). Spike recoveries of TDP, TMP 
and thiamine at 300 µL addition were 98.5, 99.6 and 102.1 % respectively in both 
standard and beer samples. 
 
 
Figure 4.8. Effect of the derivatisation volume on the formation of thiochrome esters in a 
standard solution and a beer sample.  
A – Thiochrome esters in standard solutions; B – Thiochrome esters in spiked beer 
samples. Results shown are the average and standard deviations of triplicate solutions and 
triplicate injections across duplicate experiments (i.e. n = 18).  
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4.4. Preparation of Liquid Samples for the Analysis of Thiamine and 
Riboflavin Vitamer Analysis 
All liquid samples were filtered through 0.45 μm regenerated cellulose (RC) filters 
(Phenomenex, Torrance, CA) and samples for riboflavin were diluted 1:1 with mobile 
phase buffer. Filtered samples for thiamine analysis were subjected to the derivatisation 
procedure described in Section 4.3. All samples and standards were then placed into clean 
amber HPLC vials and analysed via HPLC. Due to the specific wavelengths and excellent 
column separation, no sample cleanup was required with the resultant recoveries listed in 
Table 4.3 (Section 4.8). As shown in Fig 4.9 the thiochrome esters are stable at 20 °C for 
up to three days and this is also true for riboflavin vitamers as shown in Figure 4.9 
however, beyond three days bacterial growth was observed in the riboflavin vials due to 
the samples only being  buffered at pH 6.5. The thiochrome esters did not show any 
bacterial growth which may be attributed to the presence of the potassium ferricyanide in 
each sample. 
 
 
Figure 4.9. Stability of riboflavin vitamers over a three day period when stored at room 
temperature (20 °C). 
 A - Standard solution; B - Beer sample. Results shown are the average and standard 
deviations of triplicate solutions and triplicate injection across duplicate experiments (i.e. 
n = 18) 
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4.5. Preparation of Solid Samples for the Analysis of Thiamine and 
Riboflavin Vitamers 
It is typical for total thiamine and riboflavin analysis to expose solid samples to a range of 
pH adjustments, enzyme and heat treatments (Wielders et al., 1983; Laschi-Loquerie et 
al., 1992; Barna et al., 1994; Yamanaka et al., 1996; Ndaw et al., 2000; Rubaj et al., 
2008; del Carmen Mondragón-Portocarrero et al., 2011). The use of these treatments is 
not ideal in this research as typically mixed enzyme complexes such as Clara-diastase and 
Taka-diastase are utilised. These enzymes typically consist of α-amylase, cellulase, 
invertase, peptidase, phosphatase and sulfatase activity and the presence of the 
phosphatase will make it impossible to accurately determine the phosphate-containing 
vitamers. Ndaw, et al., (2000) reported that the mixture of enzymes had a greater 
recovery of analysed vitamins than when individual enzymes were utilised. These 
findings make it impractical to use these typical methods for this analysis as the 
phosphorylated forms are being quantified.  
 
This led to the development of a simple extraction method that could be used for a variety 
of barley, malt and yeast samples (see Section 4.6 for yeast analysis).  The extraction of 
the various vitamers from malt and barley samples posed some difficulties associated 
with their relatively high protein contents, which have the capacity to hinder the 
extractability and therefore the reproducibility of the analytical procedure employed here, 
as well as the ability to rapidly foul the HPLC column. The use of trichloracetic acid 
(TriCA) as a method to remove a large proportion of proteins before analysis was 
investigated. Sivaraman et al., (1997) investigated the TriCA induced protein 
precipitation mechanism and found that at TriCA levels of 5-40 % w/v, the most protein 
was removed from solution with the highest levels of precipitations occurring in the 15 -
35 % w/v ranges. TriCA concentrations below 5 % were reported not to be strong enough 
to remove a significant proportion of proteins and above 50 % w/v proteins appeared to 
redissolve back into solution (Sivaraman et al., 1997). Sivaraman et al., (1997) also found 
that stronger acids such as HCl and trifloroacetic acid had little effect on protein removal 
from solutions.  
 
In order to determine the appropriate concentration of TriCA to add to each sample, 
varying concentrations of TriCA were added to thiamine/riboflavin vitamer standards and 
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powdered (FOSS sample mill) pale malt samples to evaluate any potential negative 
effects on the extraction and subsequent analyses (Fig 4.10). This was performed by 
adding 5 ml of varying TriCA concentrations to 500 μL of standard or 0.5 g of powered 
sample and allowing it to extract on a mechanical roller (IEC ~12 rev/minutes; 20 x 6 cm 
arm holders) for 30 minutes. Samples were then centrifuged at 2000 rcf and the 
supernatant (2 ml) was removed into a clean test tube. 1 ml of 10 mM phosphate buffer 
(K2HPO4/KH2PO4) solution was added to the supernatant and the pH was adjusted to 6.5 - 
6.6 with 2 M KOH. The solution was finally diluted to 10 ml with 10 mM phosphate 
buffer (pH 6.5) and filtered through a 0.45 μm RC filter (Phenomenex, Torrance, CA) 
prior to analysis. Following filtration the samples for riboflavin were injected directly into 
the HPLC and samples for thiamine analysis underwent conversion to their respective 
thiochrome esters as described in Section 4.3. This trial was performed in duplicate with 
each treatment level being tested in triplicate.  
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Figure 4.10. Effect of the TriCA concentration on thiamine and riboflavin vitamer 
recovery/stability in standards and malt samples.  
A – Thiamine vitamers in a mixed of  standard; B – Thiamine vitamers in a TriCA treated 
malt sample; C – Riboflavin vitamers in a mixed standard; D – Riboflavin vitamers in a 
TriCA treated malt sample. Data shown is the average of five independent 
determinations; error bars indicate standard deviation.  
 
 
The addition of TCA to the various vitamers in an aqueous solution of standards beyond 
0.5 M caused a decrease in measurable vitamers (Figs. 4.10 A & C), indicating that 
excessive amounts of TCA is detrimental to the vitamers of thiamine and riboflavin. The 
addition of TriCA (0.5 M) to ground malt samples causes a marked increase in the 
detectability of all vitamers investigated; however, any concentration of TriCA in excess 
of 0.5 M revealed a similar reduction in measurable vitamers in malt (Figs. 4.10 B & D), 
as was observed in aqueous standards. These results show that while TriCA has the 
potential to destroy all vitamers of both thiamine and riboflavin; its use as a malt-protein 
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precipitant at 0.5 M significantly enhances the detectability of all thiamine and riboflavin 
vitamers in malt. The protein precipitation power of each TriCA solution was investigated 
to determine whether a TriCA concentration of 0.5 M would be enough to remove a 
significant proportion of proteins from the sample and stop column fouling. This was 
performed by analysing the protein content of the supernantants of the experiment 
described earlier (Fig. 4.10) using a Pierce BSA protein assay kit (Thermo Fisher 
Scientific, Scoresby, Australia) as described in Section 3.11.7. The addition of 1 M TriCA 
removed more protein, based on the analysis of soluble protein using Pierce BCA Protein 
Assay Kit; (from a malt solution compared to 0.5 M (Fig. 4.11)) but due to the much 
greater loss of thiamine and riboflavin observed (Fig. 4.10), the 1 M application was not 
employed in this study.  
 
 
Figure 4.11. Percentage protein removal from the supernatant of a pale malt sample in 
the presence of increasing TriCA concentration based on Pierce BCA Protein Assay Kit 
method.  
Data shown is the average of five independent determinations; error bars indicate 
standard deviation.  
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standard (500 μL) and malt samples (0.5 g) and allowed to extract on a mechanical roller 
(IEC ~12 rev/min; 20 x 6 cm arm holders) for up to two hours, with samples taken at 15, 
30, 60 and 120 minutes. These samples were neutralised and prepared as described in 
Section 4.5.1. 
 
 
Figure 4.12. Effect of extraction time on thiamine and riboflavin vitamers in standards 
and malt samples.  
A – Thiamine vitamers in a TriCA treated standard mixture; B – Thiamine vitamers in a 
TriCA treated malt sample; C – Riboflavin vitamers in a TriCA treated standard mixture; 
D – Riboflavin vitamers in a TriCA treated malt sample. Data shown is the average of 
five independent determinations; error bars indicate standard deviation.  
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20 °C) by the end of the extraction time, most likely due to the friction created during 
agitation on the mechanical rollers. The use of a moderate extraction period of 15 minutes 
yielded higher vitamer levels compared to the absence of an extended extraction period 
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(Fig 4.10). However, an increase in extraction time beyond 30 minutes resulted in a loss 
in the recoverable thiamine and riboflavin in a standard solution (Figs 4.12 A & C). 
However this loss of vitamers was not observed in the malt samples (Figs 4.12 B & D).  
These results show that a short extraction period (15 minutes) enhances the extraction of 
malt vitamers in the presence of TriCA; while the malt itself appears to confer a buffering 
effect to the thiamine and riboflavin vitamers in the presence of TriCA.  
 
 
4.5.1. Final method employed for the analysis of thiamine and riboflavin vitamers from 
solid samples 
All samples were milled to a powder through a FOSS Cyclotec 1093 sample mill (FOSS, 
Denmark). Five millilitres of a 0.5 M TriCA (Sigma-Aldrich, St Louis, MO, USA) 
solution was added to 0.5 g of powdered sample. The sample was vortexed to mix and 
continuously agitated on a mechanical roller (~12 rev/minutes; 20 x 6 cm arm holders; 
Industrial Equipment and Control, Thornbury, Australia) for 15 minutes. Samples were 
centrifuged at 2000 rcf in a Hermile Z323 centrifuge (Hermile Labortechnik, Wehingen, 
Germany) while the supernatant (2 ml) was removed into a clean test tube. 1 ml of 10 
mM phosphate buffer (K2HPO4/KH2PO4) solution was added to the supernatant and the 
pH was adjusted to 6.5 - 6.6 with 2 M KOH. The solution was finally diluted to 10 ml 
with 10 mM phosphate buffer (pH 6.5) and filtered through a 0.45 μm RC filter 
(Phenomenex, Torrance, CA) prior to analysis. Following filtration, the samples for 
riboflavin were injected directly into the HPLC and samples for thiamine analysis 
underwent conversion to their respective thiochrome esters as described in Section 4.3. 
 
 
4.6. Thiamine and Riboflavin Vitamer Analysis in Yeast Samples 
Yeast samples were analysed for their vitamer contents during fermentations in order to 
identify how yeast influences the changes in vitamins during growth and fermentation. 
The intracellular thiamine and riboflavin vitamer content was determined by the 
following extraction procedure. Fermenting wort (30 ml) placed in a pre-weighed 
centrifuged tube and was centrifuged at 5000 n/min for 10 minutes using a Hettich 
Universal 30F Zentrifugen (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany). 
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The supernatant was removed and the tube was reweighed (difference calculation for wet 
mass) and 12 glass beads (~2.5-5 mm diameter) were added to the yeast pellet in the 
centrifuge tubes. TCA (0.5 M) was added to the tubes and the sample was vortexed to 
mix and continuously agitated on a mechanical roller (~12 rpm; 20 x 6 cm arm holders; 
Industrial Equipment and Control, Thornbury, Australia) for 15 minutes. Yeast samples 
were treated as per Sections 4.5.1 and 4.3, and were injected into the HPLC immediately.  
Dry mass determinations were performed by taking a second set of 30 ml in previously 
weighed centrifuge tubes, centrifuging as above and drying in an air oven (100 °C) for 16 
hours. The dry mass then was measured by a difference calculation and this was used in 
the determination of each vitamer on a dry weight basis. 
This process resulted in an excellent extraction (recovery) of the vitamers (Table 4.4) and 
a complete destruction of yeast cells when tested with methylene blue viability staining 
(Section 3.11.10). 
 
 
4.7. Thiamine and Riboflavin Vitamer Analysis in Hop Samples 
The analysis of thiamine vitamers was severely hindered, due to the high antioxidant 
potential of iso-α-acids (Liegeois et al., 2000; Krofta et al., 2008), which interfered with 
the oxidative reaction required to develop the thiochrome forms. The same phenomenon 
(high levels of antioxidants interfering with the formation of thiochromes) was also 
reported in red wine (Liddicoat et al., unpublished data). Liddicoat et al (unpublished 
data) employed polyvinylpolypyrrolidone (PVPP) to lower the antioxidant potential and 
allow for a high recovery (> 95 %) of thiamine vitamers. This method was utilised in this 
research to remove a large proportion of the antioxidant activity of the hop pellet samples 
which allowed for a suitable extraction and recovery of thiamine vitamers from a range of 
hops products (Table 4.6).  
TriCA solution (0.5 M, 20 ml) was added to 1 g of crushed and homogenised hop pellet 
or 1 g of liquid hop sample and allowed to extract on a mechanical roller (~12 
rev/minutes; 20 x 6 cm arm holders; Industrial Equipment and Control, Thornbury, 
Australia) for 15 minutes. Samples were centrifuged at 2000 rcf in a Hermile Z323 
centrifuge (Hermile Labortechnik, Wehingen, Germany) and the supernatant (5 ml) was 
transferred into a clean test tube. Isooctane (5 ml) (2,2,4 trimethylpentane; Ajax 
Chemicals, Sydney, Australia) was added to the supernatant and the resulting sample was 
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allowed to extract on the mechanical roller for another five minutes. The sample was 
centrifuged at 2000 rcf for five minutes and the isooctane layer discarded.  The pH of 2 
ml of the remaining supernatant was adjusted with 4 M potassium hydroxide (Sigma-
Aldrich, St Louis, MO) to pH 6.5-6.6. To this 4 ml of a 10 g/L solution of PVPP (Fluka, 
St Louis, MO) was added and the sample was placed back onto the mechanical roller for 
five minutes and then centrifuged at 2000 rcf for five minutes. The supernatant was 
transferred into a clean test tube and analysed for thiamine and riboflavin vitamers by the 
methods described in Section 4.3 and 4.4. All results were calculated back to a dry weight 
basis and reported results are an average of three extractions with duplicate injections into 
the HPLC system. 
 
 
4.8. Accuracy, Precision, Limit of Quantitation (LOQ) and Linearity of 
Calibration of Described Methods for the Analysis of Thiamine and 
Riboflavin Vitamers 
In Tables 4.2-4.5, the accuracy of each method was determined by spiking a variety of 
different samples (five from each sample type) with 25, 30, 50 and 60 ng/ml of a vitamin 
standard that contained all of the thiamine and riboflavin vitamers measured in this 
research. This was performed both before injection (instrument accuracy) and at the start 
of all methods (method accuracy). These experiments were performed in duplicate and 
the spike recoveries were calculated and averaged for all methods and are reported in 
Tables 4.2-4.5.  
Throughout this research one in ten samples were spiked with 50 ng/ml of a mixed 
thiamine/riboflavin vitamer standard to ensure the accuracy of the method was 
maintained. All spike recoveries were maintained within a 95-105 % recovery range and 
any sample that recorded outside this range was reanalysed.   
The precision (relative standard deviation) of these methods were calculated by 
performing multiple analyses (10 times) on the same sample. This was also performed on 
spiked and standard samples that contained 50 ng/ml of each vitamer and the average of 
this is reported in Tables 4.2-4.5. As with the accuracy determination, the precision of the 
methods described here was continually monitored during analysis with a tolerance of 
only 5 % RSD. If this was exceeded the samples were retested.  
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The LOQ were calculated for each vitamer on the basis of 10σ, using the regression lines 
for the calibrated standards (Tables 4.3-4.6).  
 
Table 4.3. Accuracy, precision, LOQ, LOD, range of linearity and LOC of described 
thiamine/riboflavin vitamer methods for liquid sample analysis 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(ng/mL) 
LOD 
(ng/mL) 
Range of 
linearity 
(ng/mL) 
LOC 
(R
2
 
value) 
Thiamine 
diphosphate 
(TDP) 
97.8 2.4 5.0 1.5 5-500 0.9998 
Thiamine 
monophosphate 
(TMP) 
98.2 2.5 5.0 1.5 5-530 0.9997 
Thiamine 98.4 3.5 2.0 0.6 2-550 0.9998 
Flavin 
Mononucleotide 
(FMN) 
97.6 2.7 5.0 1.5 5-520 0.9999 
Riboflavin 98.4 2.8 2.0 0.6 2-550 0.9999 
 
 
Table 4.4. Accuracy, precision, LOQ, LOD, range of linearity and LOC of described 
thiamine/riboflavin vitamer methods for solid sample analysis 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(μg/g)a 
LOD 
(μg/g)a 
Range 
of 
linearity 
(μg/g)a 
LOC 
(R
2
 
value) 
Thiamine 
diphosphate 
(TDP) 
95.2 3.2 0.100 0.040 0.10-5.0 0.9993 
Thiamine 
monophosphate 
(TMP) 
96.2 3.4 0.110 0.036 0.11-5.0 0.9994 
Thiamine 98.3 2.6 0.080 0.020 0.08-5.0 0.9998 
Flavin 
mononucleotide 
(FMN) 
95.1 3.1 0.100 0.024 0.10-5.0 0.9995 
Riboflavin 96.4 2.5 0.080 0.020 0.08-5.0 0.9996 
a g/g on a dry weight basis.  
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Table 4.5. Accuracy, precision, LOQ, LOD, range of linearity and LOC of described 
thiamine/riboflavin vitamer methods for yeast sample analysis 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(g/g)a 
LOD 
(g/g)a 
Range of 
linearity 
(g/g)a 
LOC 
(R
2
 
value) 
Thiamine 
diphosphate 
(TDP) 
96.3 4.1 0.105 0.051 0.11-5.1 0.9991 
Thiamine 
monophosphate 
(TMP) 
95.1 4.7 0.101 0.066 0.10-5.2 0.9995 
Thiamine 99.2 3.6 0.082 0.034 0.08-5.0 0.9994 
Flavin 
Mononucleotide 
(FMN) 
96.1 4.0 0.106 0.054 0.11-5.3 0.9993 
Riboflavin 97.8 2.1 0.090 0.030 0.09-5.2 0.9998 
a g/g on a dry weight basis.  
 
 
Table 4.6. Accuracy, precision, LOQ, LOD, range of linearity and LOC of described 
thiamine/riboflavin vitamer methods for hop sample analysis 
Analyte Accuracy 
(av. % 
spike 
recovery) 
Precision 
(% RSD) 
LOQ 
(g/g)a 
LOD 
(g/g)a 
Range 
of 
linearity 
(g/g)a 
LOC 
(R
2
 
value) 
Thiamine 
diphosphate 
(TDP) 
95.2 3.2 0.101 0.054 0.101-
5.3 
0.9994 
Thiamine 
monophosphate 
(TMP) 
97.1 4.1 0.100 0.061 0.100-
5.0 
0.9992 
Thiamine 98.0 2.4 0.091 0.041 0.091-
5.3 
0.9998 
Flavin 
Mononucleotide 
(FMN) 
98.1 3.0 0.099 0.066 0.099-
4.9 
0.9991 
Riboflavin 96.1 2.0 0.071 0.042 0.071-
5.0 
0.9993 
a g/g on a dry weight basis.  
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4.9. Conclusion 
This chapter has presented a variety of simple, accurate, reproducible and cost efficient 
methods for the analysis of thiamine and riboflavin vitamers in liquid samples such as 
beer and solid samples including malted barley, yeast and hop samples. All described 
methods for the analysis of thiamine and riboflavin vitamers had an excellent 
reproducibility and accuracy that was maintained through the following research.  
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Chapter 5 - The Presence of Thiamine and Riboflavin 
Vitamers in Grain and Malts, and Their Changes 
during the Malting Process 
 
5.1. Introduction 
Malted cereals are thought to have been around for over 6000 years, where they were 
allowed to spontaneously germinate (malted) to improve palatability (Braidwood 1952, 
1953, 1954). Over the last 100-200 years, maltsters have designed, developed and 
optimised the malting process to maximise their yield and produce a product that can be 
used to make a variety of alcoholic beverages including, beer, whisky, bourbon and food 
products such as Milo products and a variety of breakfast cereals such as Kellogg’s Coco 
Pops and Nutri-grain. Traditionally barley is the main malted product worldwide 
however, other cereals such as wheat, rye, sorghum and oats are also malted for a variety 
of foods and beverages (Briggs 1998). Speciality products such as crystal, roasted, 
acidulated, organic, smoked and peated malts are also produced to help change the 
flavour profile of the final product.  
 
The malting process consists of three major steps: steeping, germination and kilning. The 
aim of steeping is to increase the moisture content of the kernel to allow the activation 
and production of enzymes required to start producing a new plant. This is performed by 
alternating between water soaks and air rests (six to eight hours a step) at 15-20 °C for up 
to 48 hours, depending on the grain type and local environmental conditions (temperature, 
air pressure, etc.). The steeped kernels are then allowed to germinate at 15-20 °C for  five 
to seven days (intermittently being turned) or until the rootlets produced during this 
process are at their “optimal” length. Finally, the product is usually kilned to 60-80 °C to 
stop all metabolic processes and to reduce the moisture content to below 10 %. This 
stabilises the kernels and produces a long shelf life product.  
 
Malted products such as barley and wheat can be roasted to produce a variety of flavours 
and aromas, from caramel to coffee, that are used throughout the brewing industry to 
produce a variety of beer styles including amber ales, porters and stouts.  
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Roasting has a major effect on the nutrient composition of the grain as nitrogen is further 
lowered and starch availability increases (Samaras et al., 2005). Micronutrients such as 
vitamins are also altered during this process (Voss et al., 1978; Briggs 1998; Bamforth 
2002).  Several authors have investigated the vitamin content of malt (Davis et al., 1943; 
Robinson et al., 1950; Voss et al., 1978) and the changes throughout the malting process 
(Davis et al., 1943; Robinson et al., 1950; Voss et al., 1978); however, these studies were 
performed on a limited range of barley and malts. Because malted barley is the second 
major ingredient (after water) in beer, it is highly likely that the final vitamin content of 
the malt will affect the vitamin content of the final produced beer. In order to get a clear 
picture of the thiamine and riboflavin vitamer content in malt, the evolution of these 
vitamers during the malting process and the thermal destruction of these vitamers during 
the roasting process were evaluated. 
 
 
5.2. Thiamine and Riboflavin Vitamer Content of Commercially 
Available Malt 
Malted cereals, such as barley and wheat, are important products for the brewing industry 
as they are the next major ingredient after water. This would suggest that the thiamine and 
riboflavin vitamer content of malt would greatly affect the vitamin content of a beer. To 
investigate whether there are any differences in thiamine and riboflavin vitamer content 
between various malts, a range of commercially available unmalted and malted cereal 
samples (107) were obtained from a variety of domestic and international sources and 
evaluated for their vitamer content as per the method described in Section 4.5. These 
malts were grouped together based on their colour (Section 3.11.9) and are reported in 
Table 5.1. 
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Table 5.1. Thiamine and riboflavin vitamer content of a variety of commercially 
available malts. 
Malt type 
TDP 
(μg/g) 
TMP 
(μg/g) 
Thiamine 
(μg/g) 
FMN 
(μg/g) 
Riboflavin 
(μg/g) 
Raw barley (6)
a 
0.55 
(0.08)
b 
0.10 
(0.02) 4.37 (1.21) 
0.71 
(0.02) 0.20 (0.02) 
Light coloured
c
 
malted barley (41) 
0.82 
(0.32) 
0.50 
(0.27) 2.56 (0.85) 
1.42 
(0.50) 0.97 (0.35) 
Medium coloured
d
 
malted barley (9) 
0.15 
(0.14) 
0.39 
(0.13) 1.41 (0.95) 
0.92 
(0.47) 0.72 (0.83) 
Dark coloured
e
 
malted barley (6) 
0.10 
(0.04) 
0.35 
(0.16) 0.58 (0.33) 
0.77 
(0.83) 0.52 (0.28) 
Acidulated malted 
barley (2) 
0.32 
(0.23) 
0.34 
(0.02) 2.00 (0.11) 
0.41 
(0.08) 1.16 (0.20) 
Organic malted 
barley (2) 
0.51 
(0.04) 
0.17 
(0.07) 1.48 (0.26) 
1.55 
(0.04) 0.51 (0.04) 
Raw wheat (3) 
0.18 
(0.08) 
0.05 
(0.10) 6.34 (0.24) 
0.69 
(0.02) 0.18 (0.05) 
Malted Wheat (6) 
0.56 
(0.14) 
0.84 
(0.34) 3.56 (0.91) 
1.13 
(0.35) 0.82 (0.26) 
Medium coloured
d
 
malted wheat (2) 
0.42 
(0.16) 
0.26 
(0.06) 2.49 (1.06) 
0.92 
(0.14) 0.56 (0.34) 
Dark coloured
e
 
malted wheat (2) 
0.41 
(0.39) 
0.17 
(0.14) 1.46 (1.41) 
0.18 
(0.02) 0.22 (0.22) 
Light coloured
c
 
malted rye (3) 
0.35 
(0.23) 
0.13 
(0.03) 1.53 (0.61) 
1.03 
(0.16) 0.49 (0.22) 
Medium coloured
d
 
malted rye (2) 
0.31 
(0.09) 
0.14 
(0.50) 0.94 (0.03) 
0.62 
(0.20) 1.23 (0.05) 
Smoked malt (2) 
1.14 
(0.31) 
0.26 
(0.10) 2.83 (0.45) 
1.56 
(0.31) 0.40 (0.32) 
Peated malt (17) 
1.03 
(0.29) 
0.26 
(0.07) 2.00 (0.51) 
1.98 
(0.56) 0.49 (0.13) 
Malted sorghum (3) 
1.23 
(0.06) 
0.21 
(0.08) 3.48 (0.55) 
1.09 
(0.19) 0.40 (0.08) 
Malted oats (3) 
0.32 
(0.31) 
0.12 
(0.09) 2.34 (2.95) 
0.91 
(0.57) 0.42 (0.19) 
a 
Number of samples analysed in italics; 
b
 Standard deviation of the data; 
c 
EBC coloured 2 - 120;  
d 
EBC coloured 121 – 300;  
e 
EBC coloured 300+ 
 
 
Free thiamine is the most prominent vitamer of this vitamin in both raw and malted 
barley, with the phosphorylated forms being present at only a fraction of the free thiamine 
levels (Table 5.1). However, the relatively higher presence of TDP in all malts compared 
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to TMP may be due to its role in enzymatic processes within the barley cells (Bettendorff 
et al., 2009; Goyer 2010). Since TMP is only an intermediate compound during the 
utilisation of thiamine during metabolism (Goyer 2010), it should only be found in 
relatively small amounts in malt. The higher free thiamine levels, when compared to the 
other thiamine vitamers, suggest that barley stores thiamine together with the starch and 
proteins, which may be required for germination and/or subsequent outgrowth of the new 
plant. The roasting process appears to lower the free thiamine vitamer content with a 
further decrease in the thiamine content corresponding to an increase in the product 
colour, which could be caused by the higher temperatures and/or the longer exposure to 
elevated temperatures. This decrease in free thiamine with a correlating increase in colour 
of the resulting malts occurs with barley, wheat and rye samples. Furthermore, the 
acidulation of the malt also appears to lower the thiamine vitamer concentration when 
compared to the light malted barley. This may be due to the addition of lactic acid 
bacteria to the steeping water, which could potentially utilise some of the free thiamine 
vitamers, or the lower pH may have caused some of the free thiamine to leach out of the 
grains during this process. Malted wheat contains lower levels of free thiamine compared 
to raw wheat; while all other detected thiamine vitamers were higher. This trend is similar 
to that observed between the raw and malted barley samples (Table 5.1).  
 
The riboflavin content is lower in most malt compared to the FMN content (Table 5.1). 
The relatively higher FMN content may also be linked to increased enzyme activity in the 
produced malt requiring riboflavin in the form of FMN (Pollock 1962; Gliszczyñska-
Swiglo et al., 2000). However, a two- and four-fold increase in FMN and riboflavin 
respectively were observed in malted barley when compared to raw barley, suggesting 
that the malting process increased the riboflavin vitamer content. Similarly, a three-fold 
increase in riboflavin in malted barley was reported by Davis et al., (1943). Acidulated 
malted barley contains more riboflavin than FMN. It is unlikely that the loss of FMN is 
due to the presence of lactic acid bacteria in the acidification process during malting, as 
these bacteria do not utilise riboflavin due to their fermentative nature (Hammes et al., 
2009). This loss is also unlikely due to the lowered pH of the malt as FMN is stable in 
low pH (Nielson 2000), but it is possible that when the grain is removed from the 
acidulation liquor the FMN is lost through leaching or through degradation of FMN to 
riboflavin under the applied conditions (low pH and 45-50 °C temperatures). The 
increased levels of riboflavin in dark coloured wheat and medium coloured rye, when 
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compared to the FMN content, may be due to increased thermal breakdown during the 
roasting process and is further investigated in Section 5.4. 
 
Smoked and peated malts are sometimes used to flavour the final products in beer and 
whisky production respectively. While the roasted malt samples contained lowered levels 
of both the free thiamine and riboflavin vitamers; the use of smoke during the kilning of 
some of the specialty malts did not greatly alter the total thiamine and riboflavin content 
of malt (Table 5.1) and is probably due to the indirect application of smoke to the malt 
samples after the grain is kilned, making the product more stable to any changes in 
temperature (Briggs 1998). 
 
The results presented in Table 5.1 show large variations in vitamer content between 
different malted cereals, and within groups of similar products. This may be due to cereal 
varieties, planting locations, growing seasons (Davis et al., 1943; Robinson et al., 1950; 
O'Donnell et al., 1960) and is particularly evident in the raw barley samples analysed for 
this survey. Six raw barley samples were analysed, two Gairdner varieties from the 2009 
season (4.51 and 4.21 μg/g of thiamine; 0.21 and 0.20 μg/g of riboflavin); two Flagship 
varieties from the 2009 season (5.93 and 5.51 μg/g of thiamine; 0.23 and 0.24 μg/g of 
riboflavin) and two Gairdner varieties from 2010 season (3.12 and 2.95 μg/g of thiamine; 
0.17 and 0.18 μg/g of riboflavin). Overall large variations in the thiamine content of raw 
barley (4.37 ± 1.21 μg/g)were evident and these variations due to growing season are 
most likely the cause of other observed variations (raw wheat – 3.56 ± 0.91 μg/g 
thiamine). The differences in processing conditions and specification of different 
suppliers is also responsible for differences in the speciality malts ,such as those shown in 
the medium coloured malted barley (1.41 ± 0.95 μg/g thiamine; 0.72 ± 0.83 μg/g 
riboflavin). In addition, malts were obtained from a variety of different countries 
(Australian, North American, European, and UK) where cultivation conditions can be 
significantly different which can lead to varying vitamin contents as suggested by 
O’Donnell and Bayfield (1960).  
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5.3. The Effect of Malting on Thiamine and Riboflavin Content of Malt 
It was shown in Section 5.2, that malts contained lower levels of free thiamine compared 
to unmalted barley, conversely the malts contained higher levels of the phosphorylated 
thiamine vitamers compared to the unmalted barley. Furthermore, the unmalted barley 
contained lower levels of riboflavin vitamers compared to malted barley. In order to gain 
a more detailed understanding of the events that are involved in the apparent changes that 
may cause these alterations in vitamer levels; these effects were investigated by following 
the changes in thiamine and riboflavin vitamers in detail throughout the malting process.  
This was performed by using a fully automatic micromalting system (Joe White Maltings, 
Adelaide Australia) equipped with eight 1 kg sample baskets. Raw barley was malted 
(Section 3.8) and samples were taken every six hours during steeping and kilning; and 
every 24 hours during germination. This produced eight samples per sampling, where 
each sample was extracted and analysed in duplicate. This experiment was performed in 
duplicate (total n = 32 per sampling point) and the results were averaged and are shown in 
Figure 5.1. Since there are a variety of different malting methods used in the industry this 
one was chosen as it was standard for the Joe White Malting System and for Australian 
barley. 
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Figure 5.1. Changes in thiamine and riboflavin vitamer concentrations during the malting 
process.  
A –Thiamine vitamers in whole malt kernels; B – Riboflavin vitamers in whole malt 
kernels; All data are the average of duplicate experiments; error bars indicate the standard 
deviation. Green lines indicate the end of steeping and the start of germination. Brown 
lines indicate the end of germination and the start of kilning. All results shown are an 
average of duplicate experiments, where duplicate extractions and analysis were 
performed on each basket (n = 32 per data point). 
 
 
Thiamine appears to be actively synthesised during the steeping process (Fig. 5.1 A). The 
synthesis of the free thiamine vitamer appears to diminish during the germination process; 
while it appears to accumulate again during the kilning of the malt. Similar increases were 
also observed for TDP; while TMP remained largely unchanged (Fig. 5.1 A). The levels 
of FMN gradually dropped during the steeping and early germination periods, after which 
its levels stabilized before increasing again during the late germination and kilning 
process (Fig. 5.1 B). Conversely, the level of riboflavin remained relatively stable 
throughout the steeping and germination period, with a marked increase during the 
kilning of the malt (Fig 5.1 B).   These fluctuations can be attributed to the vitamers being 
produced in the embryo and subsequently transported into the rootlets (Davis et al., 1943; 
Pollock 1962; Palmer 1989) to facilitate the growth of a new plant. The increase in 
moisture content during steeping triggers the kernel into producing all the required 
nutrients to produce a new plant. The loss of vitamins during germination, as measured 
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during this work, may be attributed to the transportation of these vitamers to the rootlets 
and acrospires, which were discarded during the dissection and were not included in the 
subsequent analysis.  
 
It should be noted that the same increase (two- and four-fold increase in FMN and 
riboflavin respectively) that was shown in the malt survey (Table 5.1) was not observed 
during these malting experiments. This may be due to significant differences between 
malting regimes, barley varieties and final storage conditions of the malts. To better 
understand these differences, a variety of malting conditions and subsequent storage 
options or shelf-life determinations on malt need to be performed. This may help to 
explain variations within products described in Table 5.1. 
 
As mentioned before, previous studies into the nutritional and metabolic events during the 
malting of barley (Davis et al., 1943; Pollock 1962; Palmer 1989) highlighted that crucial 
biosynthetic events occurred in the embryo and their products subsequently transported 
into other parts of the germinating barleycorns. In order to better understand the site 
where most of the vitamer changes occur  in the malting barley corns, barley corns were 
dissected to separate the embryo from the rest of the kernel and it was found that the 
embryo contained a greater density of all vitamins compared to the rest of the kernel (per 
g dw) (Fig 5.2).  
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Figure 5.2. Changes of thiamine and riboflavin vitamers inside the embryo and the rest of 
the kernel during the malting process.  
A –Thiamine vitamers in the dissected embryo; B – Thiamine vitamers in the rest of the 
dissected kernel; C – Riboflavin vitamers in the dissected embryo; D – Riboflavin 
vitamers in the rest of the dissected kernel. Results shown are an average of duplicate 
experiments, where duplicate extractions and analysis were performed on each basket (n 
= 32 per data point); error bars indicate the standard deviation. 
  
 
These results show that the embryo contains more thiamine and riboflavin vitamers than 
the rest of the kernel per gram of tissue (Fig. 5.2 A & C).The early spike in thiamine in 
the whole barley corns (Fig. 5.1 A), was entirely due to a large increase in thiamine in the 
embryo (Fig. 5.2 A).  The observations that vitamers fluctuate more in the embryo is in 
agreement with many other findings that the embryo is the source of most regulatory 
biosynthetic activities in germinating seeds (Davis et al., 1943; Agu et al., 2001; De Sa et 
al., 2004). Since there is lowered biological activity in the rest of the kernel, it is most 
likely the reason why there is little change in the thiamine content. The TMP 
concentrations of both the embryo and the rest of the kernel are very similar despite the 
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changes observed in the thiamine and TDP levels. This is most likely due to its 
intermediate role between thiamine and TDP. As soon as the TMP is being produced it is 
most probably being converted to TDP and the reverse would also be the case when 
thiamine levels increase towards the end of germination. This intermediate action would 
mean that this vitamer is in constant flux between the two different states and which 
would create a lowered constant concentration in the whole grain.  
 
The loss of FMN from the embryo may contribute to the increase in the rest of the kernel, 
since FMN is transported throughout the kernel where it is utilized in respiratory 
pathways such as the TCA cycle (Dagley et al., 1970; Briggs 1998; Kawasaki et al., 
2000; Nielson 2000; Bender 2003) which would be occurring during germination. 
 
 
5.4. The Effect of Roasting on Thiamine and Riboflavin in Malted 
Barley 
The roasting of malt or barley is usually carried out to provide specific sensory 
characteristics (colour, taste and aroma) in beer (Sakamura et al., 1978; Samaras et al., 
2005). During this process, extensive heat is applied to the malt to alter the organoleptic 
properties in order to introduce caramel–, chocolate–, and coffee–like flavours and 
aromas. These speciality malts are used in a variety of beers to produce the unique flavour 
profiles that can be found in a wide range of different styles from ales to stouts. The 
survey of the malt samples (Table 5.1) showed that an increase in the level of roasting 
resulted in a decrease in thiamine and riboflavin vitamer contents. This apparent thermal 
destruction of these vitamers during the roasting process was investigated using the three 
ton drum roasters at Joe White Maltings (Viterra) and the temperature profile listed in 
Section 3.9, with the results shown in Figure 5.3. The final product produced was 
chocolate malt and met the specifications set by Joe White Maltings. Samples were taken 
every ten minutes during three separate batches and all samples were extracted and 
analysed in duplicate. 
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Figure 5.3. Changes to the thiamine and riboflavin vitamer content of roasted malt.  
A – Thiamine vitamer content; B – Riboflavin vitamer content; C – Colour of malt 
produced; D – Temperature and colour profile of the roasting process. Light coloured 
malts were those with a colour between 2 - 120 EBC, medium coloured malts were those 
with a colour between 121 - 300 EBC and dark coloured malts were those malt with a 
colour higher than 300 EBC. All data are the average of triplicate experiments that were 
analysed in triplicate (n = 9); error bars indicate the standard deviation. 
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The roasting process resulted in a thermal destruction rate of approximately 14 (TDP), 2 
(TMP), 36 (thiamine), 28 (FMN) and 9 (riboflavin) ng/g/min. The vast majority of 
thiamine vitamers were destroyed within the first half of the process (Fig. 5.2 A), which 
corresponds to a temperature of approximately 150 °C (Fig. 5.3 D). At this point in time 
the colour development of the roasted malt has not yet reached maximum, and only a 
medium coloured malt is produced (Fig. 5.3 C). The riboflavin vitamers appear to be 
more heat stable compared to the thiamine vitamers (Fig. 5.3 B), however while FMN 
steadily decreased throughout the entire roasting process; the decrease in riboflavin 
content are mainly noticeable during the actual dark-colour development phase (60-70 
min) of the roasting procedure (Fig. 5.2 B). The small increase in riboflavin during the 
second half of the roasting process might be due to the disintegration of FMN, resulting in 
a transient increase in free riboflavin. Thiamine vitamers have been noted to be heat labile 
(Farrer 1948; Dwivedi et al., 1972a; Dwivedi et al., 1972b; Dwivedi et al., 1973; Ariahu 
et al., 2000) at neutral pH conditions but at a low pH (2.0-4.0) the stability of thiamine 
increases to withstand typical autoclave conditions, while the phosphorylated forms are 
quickly lost. The neutral pH conditions of the malt may explain why the thiamine is 
quickly lost during the roasting process, as it is far more unstable under these conditions 
(Ariahu et al., 2000). Riboflavin on the other hand is typically heat stable in the absence 
of light (Choe et al., 2005; Eitenmiller et al., 2008) and this is indicated by the lowered 
rate of destruction of riboflavin vitamers compared to the thiamine vitamers (Fig 5.3). 
 
 
5.5. Conclusion 
The results reported in this chapter reveal that there are significant differences in the 
thiamine and riboflavin content within a wide range of malt products.  The malting 
process has no effect on the overall riboflavin content however both steeping and kilning 
processes cause increases in thiamine vitamer content. The roasting process however, 
causes a significant destruction of both the thiamine and riboflavin vitamer 
concentrations, which explains why roasted products have lower vitamer contents then 
the paler malts.  
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Chapter 6 - The Impact of Wort Production on the 
thiamine and riboflavin content of the final wort 
 
6.1. Introduction 
In order to produce beer a brewer must first produce wort. Wort is the sweet liquor that is 
produced from malted barley (with or without the addition of other cereals) before it is 
fermented to produce beer. There are a number of steps involved including:  
 
[1] Milling of the malt to a grist;  
[2] Mashing the grist with water at 45 -72 °C for a specific length of time; 
[3] Separation of the liquor from the spent grain matter; 
[4] Wort boiling and hops addition; 
[5] Trub removal; and  
[6] Wort cooling to 15-20 °C prior to fermentation.  
 
These important steps convert the raw materials (malt) into sweet wort with high 
fermentable sugar content and rich in the nutrients required to support and maintain yeast 
growth. During this process the malt is milled to aid in the solubilisation of the starchy 
endosperm and endogenous enzymes during mashing. This mashing process is held at 
temperatures ranging from 45-72 °C (depending on the mash profile) for enough time to 
convert all available starch into fermentable sugars. The spent grain is then removed from 
the liquid portion by a variety of different filtration processes. The wort is boiled to: 
sterilise it; aid in the isomeration of iso-α-acids from the hops; drive off unwanted 
volatiles; and remove heat labile proteins that may cause a haze in the final product. The 
trub (spent hops and denatured proteins) is then removed from the sweet wort, which is 
cooled ready for fermentation. These various steps (elevated temperatures; continuous 
enzymatic activity; a slightly acidic environment etc.) may impact positively or 
negatively on the final vitamin content of the wort and therefore alter the vitamer content 
of the final product.   
 
While numerous authors (Southgate 1924; Laufer et al., 1942; Hopkins 1944; Graham et 
al., 1970; Voss et al., 1976; van Heerden et al., 1987; van Heerden 1989; Bamforth 2002; 
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Pietercelie et al., 2003; Vinas et al., 2003; Bamforth 2004; Vinas et al., 2004) have 
reported the presence of thiamine and riboflavin vitamers in beer as a final product; 
however none of these studies investigated the influence of the wort production steps on 
the final vitamin content of sweet wort. Currently the effects of wort production on the 
thiamine and riboflavin vitamer content are unknown. In order to gain a clear 
understanding of the effects of wort production on these vitamers this Chapter will 
investigate the effects of the various stages of wort production on the final sweet wort 
vitamer content. 
 
 
6.2. Thiamine and Riboflavin Vitamers in Wort Production 
Chapter 5 described the vitamin content of various malted and unmalted cereals, the 
following Section will investigate the changes in vitamin content throughout the next 
stage of the brewing process, wort production. This was cond97ucted using the University 
of Ballarat’s 100 L pilot brewery (Fig. 6.1) and the conditions described in Section 3.4. 
 
 
Figure 6.1. University of Ballarat’s pilot brewery.  
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6.2.1. Thiamine and riboflavin vitamers during mashing 
Malted pilsner malt (10 kg) was milled through a DLFU Disc Mill (Buhler-Miag, Unzil, 
Switzerland) set at 2.2 mm, and infused into 40 L of water at 72 °C, which resulted in an 
initial mash temperature of 66 °C. The temperature was maintained at 66 ± 1 °C via the 
steam jacket and the mash was stirred and sampled every 10 minutes for one hour (Fig. 
6.2). This mashing trial was performed in triplicate and each sample was analysed for 
specific gravity, temperature and thiamine and riboflavin vitamers. 
 
 
Figure 6.2. Thiamine and riboflavin content of the mash liquor during the mashing 
process.  
A – Specific gravity and temperature profile of the large scale mashing experiment; B – 
Thiamine vitamers; C – Riboflavin vitamers. All data is an average of triplicate 
experiments where all analysis was performed in duplicate (n = 6).  
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The specific gravity of the mash steadily rose over the 60-minute period as the starch 
solubilised and was converted to fermentable sugars (Fig. 6.2A). This is typical of a 
single step infusion mash (Muller 1991; Krottenthaler et al., 2009; Wunderlich et al., 
2009; Vriesekoop et al., 2010), where the target gravity of 1.045 g/cm
3
 and full starch 
conversion (measured by iodine testing) was achieved. At this temperature α-amylase is 
the main active enzyme which has no requirement for any of the tested vitamers or any 
direct effect on their stability (does not degrade or produce these vitamers) (Kuriki et al., 
1999). Since kilning only halts germination (metabolism) and stabilises the grain, it is 
likely that some of the active enzymes that are present during germination are active 
during this mashing process. These may include proteolytic and other amylolytic enzyme 
complexes that also have an indirect effect in releasing both thiamine and riboflavin from 
the embryo and kernel husks. At the temperatures experienced during mashing, the 
activity of these enzymes may be diminished and this would explain the gradual rise in 
both thiamine and riboflavin during mashing. 
The levels of thiamine, FMN and riboflavin increased quite substantially during the 
mashing period by approximately 300, 200, and 900 % respectively (Fig. 6.2 B & C). 
This increase is likely to be due to the solubilisation of the grist and is possibly linked to 
the breakdown of any starches that may have bound these vitamers. This deduction is 
based on the observations that the profiles for the thiamine and  riboflavin vitamers (Fig. 
6.2B & C) are similar to that of the specific gravity (Fig. 6.2 A), which suggests that as 
the starch is liberated and broken down during the mashing process these vitamins are 
released and solubilised. Muller (1991) reported that an increase in liquor to grist ratio to 
greater than 3:1 resulted in maximum extract yields. Since the liquor to grist ratio here 
exceeds this ratio, the optimal conditions for extraction were applied allowing for high 
extract efficiency. Also the grist particle distribution could also affect the rate at which 
the vitamins are released. Due to the nature of the lautering system used in this pilot 
brewery, the optimum particle size was 2.2 mm. However finer grinds can increase 
mashing efficiency but will increase the risk of poor wort recovery (Krottenthaler et al., 
2009).  
 
Conversely, the measurable amount of TMP only increased slightly; while the level of 
TDP decreased (Fig. 6.2B). TDP is known to degrade when exposed to malt-specific 
phosphatase enzymes (Krottenthaler, et al., 2009) and at elevated temperatures, especially 
in solutions close to neutral pH (Farrer 1945b, 1948; Eitenmiller et al., 2008). In this case 
101 
 
it is unlikely that the  decrease in TDP is due to the activity of phosphatase enzymes, as 
they have only been found to be active at 50-53 °C (Krottenthaler et al., 2009).  It is more 
likely the decrease in TDP over the mashing time is due to exposure to high temperatures. 
It is highly likely that TMP is also dephosphorylated due to the temperature and pH, 
however losses are not observed as the TDP is converted to TMP and then the TMP is lost 
to thiamine (Beadle et al., 1943). This is not the case with FMN, as the FMN and 
riboflavin is more heat stable than thiamine, so similar losses were not observed. Due to 
the photosensitive nature of riboflavin, light interaction was minimised throughout this 
process to allow for the accurate determination of these vitamers (Satter et al., 1977; 
Choe et al., 2005). Since light was omitted where possible it can be determined that any 
effects observed were due to the processing conditions only.   
 
Not all brewers use single step infusion mashing (Fig. 6.2) in their brewhouse. Depending 
on the required wort profile for the intended beer style, malt quality; or even common and 
traditional regional practices, some brewers will use various temperature profiles to 
enhance activity of a variety of enzymes (such as proteases) to produce desired 
components or remove undesirable components from malt that may end up in the sweet 
wort. These various temperature profiles can potentially activate enzymes that may 
positively or negatively affect the final vitamer content. Since the mash described in Fig 
6.2 was performed at 66 °C, α-amylase can be considered the most active enzyme in the 
mash. To investigate whether the enzyme activity of the malt influences the final vitamin 
content, smaller single step infusion mashes (50 g of malt in 360 ml distilled water – 
Section 3.11.8.1) were conducted at 45, 55, 65 and 72 °C (Fig. 6.3 & 6.4). This liquor-to-
grist ratio was used as per the standard IOB method 2.3 (Institute of Brewing 1997g) 
(Section 3.11.8.1) to achieve the desired 1.040 g/cm
3
 gravity, as in the large scale 
experiment. 
 
To ensure the desired mash temperature was obtained, all malt was added to preheated 
distilled water, that was held at 6 °C above the initial desired temperature.  The desired 
temperature was maintained for 60 minutes. All mashes were stirred and sampled every 
10 minutes, with treatments performed in triplicate, and the experiment independently 
duplicated; each sample was analysed in duplicate (n = 12). 
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Figure 6.3. Effect of mashing temperature on the release of thiamine vitamers during 
mashing.  
A – TDP; B – TMP; C – Thiamine. All data is an average of triplicate flasks in duplicate 
experiments where all analysis was performed in duplicate (n = 12).  
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temperatures above 55 °C caused a decrease in TDP (Fig. 6.2 A), which was also noted in 
Figure 6.2B. At cooler mash temperatures (45 and 55 °C) there is an initial increase in 
TDP, followed by a decline in its concentration after about 45 minutes (Fig. 6.3A). The 
phosphatase enzymes that have the ability to hydrolyse TDP are only active at 50-53 °C 
(Krottenthaler et al., 2009), which implies that the losses in TDP observed at the higher 
temperatures (65 and 72 °C) are likely to be due to the heat instability of the vitamer and 
not due to direct enzymatic action. 
 
 
Figure 6.4. Effect of mashing temperature on the pH and the specific gravity of mashing.  
A – pH; B- Specific gravity. All data is an average of triplicate flasks in duplicate 
experiments (n = 6). 
 
 
The final gravity of the mashes at lower temperatures were correspondingly lower than at 
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due to liberation of TMP from the grist, but is most likely also influenced by the loss of 
TDP as it is being dephosphorylated under the applied conditions, as discussed earlier. 
 
The FMN and riboflavin vitamers are affected in a similar fashion to TMP and thiamine 
(Fig. 6.5). At higher mash temperatures, higher concentrations of these vitamers are 
leached out of the grist. However at 72 °C the amount of FMN and riboflavin that is 
extracted from solution is lower than at 65 °C, which is similar to the TMP and thiamine 
profiles shown earlier (Fig. 6.3 B & C), Equally, the lower extraction of FMN and 
riboflavin is most likely due to decreased amylase activity, which slows the liberation of 
starch and subsequently also FMN and riboflavin.  
 
 
Figure 6.5. Effect of mashing temperature on the release of riboflavin vitamers during 
mashing.  
A – FMN; B – Riboflavin. All data is an average of triplicate flasks in duplicate 
experiments where all analysis was performed in duplicate (n = 12). 
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6.2.2. Thiamine and riboflavin vitamers during lautering/wort filtration 
At the completion of the pilot scale mash (Fig. 6.2), the spent grain was separated from 
the sweet wort. This was performed in the separate lauter tun (Fig. 6.1) where 10 L of 72 
°C water was added to the underlet of the filter bed, which covered the slotted false 
bottom to act as a cushion for the mash to land on when discharged from the mash tun. 
This was performed to stop the spent grain from instantly fouling the filter bed to 
maintain the filter capacity. Once this initial mash settled (~ 2 min), the mash liquor was 
recirculated for 10 minutes until the wort began to clarify. The mash liquor was allowed 
to flow through the filter bed at ~750 ml/min and was pumped into the kettle. During this 
time, the grain was sparged with a total of 12 L of 72 °C water at regular intervals (when 
the grain bed was visible), with samples taken every 30 minutes from the time of the start 
of recirculation until all mash liquor was discharged from the lauter tun outlet. These 
samples were analysed for thiamine and riboflavin vitamer content to determine whether 
the lautering process had an impact on the final vitamer content of the produced wort (Fig 
6.6). 
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Figure 6.6. Effect of lautering on the thiamine and riboflavin vitamer content of the 
produced wort.  
All data is an average of triplicate experiments where all analysis was performed in 
duplicate (n = 6).  
 
 
During this process, the specific gravity of the effluent initially decreased and this is 
likely due to the initial dilution with the underlet water in the mash filter (Fig. 6.6A). The 
subsequent slight rise in specific gravity indicates that the sugar content of the wort 
increased as the spent grain was sparged. During this process, the thiamine vitamer 
content (Fig. 6.6B) did not dramatically change, suggesting that these vitamers were 
further leached out of the grain bed. If this leaching from the grain had not occurred, the 
dilution of the wort by the underlet water and sparge water would have dramatically 
lowered the thiamine vitamer content. Both TDP and TMP did not really change with this 
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Furthermore, the FMN content decreased during the lautering process. It must be noted 
that to minimise any negative effects due to photo-degradation of the riboflavin vitamers, 
the lauter tun, sparging arm and run-out cradle were continuously covered during the 
process to avoid direct exposure to light. Therefore, the loss of FMN is likely due to the 
dilution of the wort by the sparging process, which in turn suggests that riboflavin 
extraction from the grain is enhanced by the sparging/lautering process (Fig 6.6C).  
  
 
6.2.3. Extraction efficiency of thiamine and riboflavin vitamers from malted barley  
During the mashing and lautering process, the thiamine and riboflavin vitamer contents of 
the liquor were greatly altered. To investigate the efficiency at which these vitamers are 
extracted from the grist into the unboiled sweet wort, the spent grain vitamin content was 
compared to that of the grist (Table 6.1). 
 
Table 6.1. Extraction of thiamine vitamers from malted barley. 
All data are the average of triplicate experiments where all analyses were performed in 
duplicate (n = 6). 
 
TDP TMP Thiamine 
Total  
thiamine vitamers 
Grist (μg/g) 
0.78 
(0.09)
a 
0.24 
(0.09) 
1.71 (0.13) 2.73 
Theoretical yield 
(μg/L)b 
194.9 60.0 427.5 682.5 
Spent grain (μg/g) 
ND
c 
0.09 
(0.10) 
0.55 (0.14) 0.64 
Extracted in wort 
(μg/L) 
18.8 (9.1) 62.5 
(7.6) 
257.3 (4.7) 338.6 
Extracted yield (%) 9.6% 104.2% 60.2% 49.6% 
a
 Standard deviation of the data 
b 
See the sample calculation (6.2.3.1) 
c 
Not detected 
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6.2.3.1. Sample Calculation of Theoretical Yield of Each Vitamers into unboiled sweet 
wort 
10 kg (1 x 10
4
 g) of grist;  
Density of grist = 0.64 g/cm
3
 therefore 10 kg of grist will occupy 0.15625 m
3
 
Volume of water 40 L = 40 m
3
 (density of 1.00 g/cm
3
) 
Total Volume = 40.015625 m
3
 
 
Theoretical Yield =  
[(Conc. Of vitamer in grist (μg/g)) x (amount of grist used (g))]             [Eq. 8.1]
    Volume of mash                
            
Using TDP results 
Theoretical Yield of TDP =  [0.78 μg/g x 10 000 g] / (40.015625 m3)      [Eq. 8.2]         
    = 194.9 μg/m3                       [Eq. 8.3] 
    =  194.9 μg/L of wort             [Eq. 8.4] 
 
 
Of the thiamine vitamers, only TMP appears to be completely extracted from the grist 
(Table 6.1). However, because no TDP was detected in the spent grain and from TDP 
losses observed in Figures 6.2 B and 6.3 A, it is likely that this 104.2 % recovery of TMP 
is due to a heat driven dephosphorylation of TDP during the mashing process (Farrer 
1948), or loss via protein interaction and subsequent denaturation and loss. The fact that 
only 9.6 % of the theoretical yield of TDP was recovered indicates that mashing and 
lautering has a negative impact on this vitamer. Thiamine is also negatively impact by this 
mashing and lautering process. With extraction efficiency of only 49.6 %, more thiamine 
is available for extraction. Like the TDP, it is possible that the thiamine is bound to 
another component of the grain/wort (e.g. proteins) and then lost. However, when the 
amount of thiamine in the spent grain and extracted wort are added combined a total loss 
from grist is only 7.6 %. This indicates that the mashing and lautering process utilised in 
this research is not efficient in extracting thiamine form the grist. In addition, a loss of 7.6 
% may be attributed to protein binding/heat instability/other component interference.   
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Table 6.2. Extraction of riboflavin vitamers from malted barley.  
All data are the average of triplicate experiments where all analyses were performed in 
duplicate (n = 6). 
 
FMN Riboflavin 
Total riboflavin 
vitamers 
Grist (μg/g) 1.02 (0.14)
a 
0.97 (0.09) 1.99 
Theoretical yield (μg/L)b 255.0 242.5 497.5 
Spent grain (μg/g) 0.32 (0.11) 0.25 (0.12) 0.57 
Extracted in wort (μg/L) 150.2 (9.3) 193.7 (7.3) 353.9 
Extracted yield (%) 58.9% 79.9% 71.2% 
a
 Standard deviation of the data 
b
 See section 6.2.3.1 for explanation 
 
 
The recovery of the riboflavin vitamers is far better than that of the thiamine vitamers. 
With an extracted yield of 58.9 and 79.9 % (FMN and riboflavin respectively), this is still 
not ideal but shows greater efficiency. Like the TMP and thiamine vitamers, both FMN 
and riboflavin were not completely extracted from the grain. However when the spent 
grain concentration and the extracted wort of riboflavin are combined a 105.6 % recovery 
is achieved. Since there is no riboflavin present in the water (tested data not shown) this 
increased recovery is likely due impart from the loss of FMN. When the spent grain and 
extracted wort FMN concentrations are combined, a total recovery of 90.27% is achieved. 
It is likely that this loss in FMN may be due to the heat destabilisation of the phosphate 
form and/or loss through component (protein) binding. If the FMN is dephosphorylated 
through heat and mechanical action, this may attribute the increase in sweet wort 
riboflavin content. 
 
This has been reported by researchers previously that were investigating using brewers 
spent grain as nutritional supplements for feed and further processing (Santos et al., 2003; 
Mussatto et al., 2006; Mussatto et al., 2008). Without specific enzyme additions to 
degrade binding components, such as complex proteins, this process is unlikely to further 
extract more thiamine and riboflavin vitamers. 
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6.2.4. Thiamine and riboflavin vitamers during wort boiling (kettle). 
The wort produced from Section 6.2.2, was subsequently boiled for one hour with 
samples being taken every 10 minutes. No hops or kettle adjuncts were added during this 
trial as this was investigated later (Section 6.3 and 6.4). During this trial, the wort volume 
was measured so that losses due to evaporation could be calculated (10 % loss). A 
continuous rolling boil was maintained to create an even heating profile throughout the 
kettle. It must be noted that during this boiling stage the wort was completely covered 
(including the observation window) to minimise the ingress of light and subsequent losses 
of riboflavin vitamers due to photodegradation. The concentration of thiamine and 
riboflavin vitamers was measured through this stage (Section 4.4) and is shown in Figure 
6.7. 
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Figure 6.7. Thiamine and riboflavin content during the kettle boil.  
A – Specific gravity and temperature profiles of the kettle; B – Thiamine vitamers; C – 
Riboflavin vitamers. All data is an average of triplicate experiments where all analysis 
was performed in duplicate (n = 6). Vitamin data adjusted for evaporation losses (10 %). 
 
 
Sampling of this stage of wort production did not commence until an even rolling boil 
was observed in the kettle. This began approximately 10 minutes after the last of the wort 
was transferred from the lauter tun to the kettle. Once all of the wort was moved to the 
kettle the wort was rapidly heated via a steam element to minimise the time between 
lautering and boiling. As shown in Figure 6.7 A, the specific gravity of the wort increased 
due to evaporation and concentration of the wort. This concentration effect was adjusted 
and it was shown that the boiling process lowered the amount of each vitamer (Fig. 6.7 B 
& C). 
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While TMP and TDP levels did not greatly change during the wort boil; close to 20 % of 
the thiamine vitamer was rapidly lost from the wort during this stage of production (Fig. 
6.7B). This loss in thiamine is most likely due to it being quite heat labile and easily 
degraded under these conditions (Farrer 1945a, 1945b, 1947b, 1947a, 1948). This 
degradation has been reported to produce hydrogen sulphide and other unwanted sulphury 
compounds (Farrer 1945a; Dwivedi et al., 1972b; Ames et al., 1992; Eaton 2006).  
 
Losses of riboflavin vitamers were also observed during the wort boiling (Fig. 6.7 C) and 
occurred mainly during the first half of the wort boil process. The losses in riboflavin 
vitamers were less pronounced than those of the thiamine vitamers, which can be 
attributed to the fact that these are more heat stable (Eitenmiller et al., 2008). The 
avoidance of light interaction during the wort boil meant that the losses of riboflavin 
vitamers are most likely due to the conditions in the kettle, such as co-precipitation with 
proteaceous matter. 
 
 
6.2.5. Thiamine and riboflavin vitamers during trub separation (whirlpool) and wort 
cooling 
To remove any unwanted trub from the wort many filtration and separation techniques 
can be utilised. In this research, a whirlpool was utilised due to its simplistic and effective 
nature and availability. The whirlpool works by pumping the incoming hot wort from the 
kettle into a whirlpool vessel at a 20 to 30° tangent to the tank wall (Leiper et al., 2006). 
This creates inward centrifugal forces that deposit the coagulated proteins and hop matter 
in the centre of the vessel, forming a cone. This separates the clear wort from any 
unwanted solid matter (Leiper et al., 2006).  
To determine whether the use of a whirlpool would affect the overall thiamine and 
riboflavin vitamer content, the boiled wort (Section 6.2.4) was pumped into a whirlpool 
and allowed to circulate for 30 minutes. During this time, samples were taken every 10 
minutes and were analysed for thiamine and riboflavin vitamers (Section 4.4) (Fig. 6.8). 
Following the circulation period, the sweet wort was passed through a plate heat 
exchanger and rapidly cooled to 22 °C.  
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Figure 6.8. Thiamine and riboflavin content during the whirlpool.  
A – Temperature and specific gravity profiles; B – Thiamine vitamers; C – riboflavin 
vitamers; All data is an average of triplicate experiments where all analysis was 
performed in duplicate (n = 6).  
 
 
The decline in vitamer content over the 30 minutes is similar to that observed during 
boiling and these losses could be attributed either to the elevated temperatures (Fig. 6.8 
A) that persist in the whirlpool, or to co-precipitation in the trub. The final trub was also 
analysed to determine investigate for any potential losses. This analysis revealed that 
there were no measurable vitamers, suggesting that the losses of the vitamers, as shown in 
Figure 6.8, are entirely due to the continuing elevated temperatures during the whirlpool 
process.  
During wort cooling, where the wort is placed through a plate heat exchanger, the vitamer 
content was found to remain relatively steady with no changes in the final wort vitamer 
content. The rapid chilling of the wort to 22 °C through the plate heat exchanger 
stabilised the vitamer content and this resulted in wort that contained 6.3 µg/L TDP, 15.7 
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µg/L TMP, 36.5 µg/L thiamine, 109.9 µg/L FMN and 137.7 µg/L riboflavin. This is less 
than that extracted from the grain in Section 6.2.3 and this indicates the detrimental 
effects of wort boiling on the final vitamin content. It is possible that longer boiling times 
will result a greater loss of both thiamine and riboflavin vitamers.  
 
 
6.3. The Thiamine and Riboflavin Vitamer Content of Various Hop 
Varieties and their Release into the Wort During Boiling 
Hops are traditionally added to the kettle to aid in isomerisation of the iso-α-acids  to 
produce bitterness and a variety of hop oil aromas and flavours into the wort (Briggs et 
al., 2004).  Generally, hops are added at a brewer’s desired concentrations to the wort to 
produce the ideal bitterness for a particular style of beer. Craft brewers generally 
experiment more with processes such as dry hopping, where hops are added directly to 
the fermenter, to provide a greater hop aroma in the finished beer. The addition of this 
vital flavour and aroma component of beer could also increase the concentration of 
thiamine and riboflavin vitamers in the wort. Eleven commercially pelletised and five 
CO2 extracted hop samples were analysed via the method described in Section 4.7 and are 
reported in Table 6.3. 
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Table 6.3. Thiamine and riboflavin vitamer content of commercially available hop 
products. 
Hop Variety 
TDP  
µg/g dw 
TMP  
µg/g dw 
Thiamine 
µg/g dw 
FMN 
µg/g dw 
Riboflavin 
µg/g dw 
Nugget  12.5%
a
 (p)
b 
2.1 (0.01)
c 
0.5 (0.03) 1.0 (0.02) 3.3 (0.01) 2.2 (0.03) 
Millennium 15% (p) 0.6 (0.01) 0.4 (0.01) 1.3 (0.01) 2.3 (0.01) 1.8 (0.02) 
Summer 6.3% (p) 2.1 (0.02) 0.2 (0.02) 1.1 (0.03) 2.8 (0.02) 1.3 (0.02) 
Pride of Ringwood 9.8% 
(p) 2.5 (0.01) 0.2 (0.01) 0.9 (0.01) 2.3 (0.01) 1.6 (0.02) 
Galaxy 13.2% (p) 0.8 (0.01) 0.3 (0.02) 0.8 (0.02) 3.5 (0.04) 1.7 (0.01) 
South Saaz 7.1% (p) 0.8 (0.02) 0.5 (0.02) 1.0 (0.03) 3.0 (0.01) 1.5 (0.01) 
South Hallertau 7.3% (p) 1.2 (0.01) 0.4 (0.01) 1.1 (0.01) 3.4 (0.02) 1.4 (0.02) 
Super Pride 15.2% (p) 2.3 (0.01) 0.3 (0.02) 1.0 (0.01) 2.7 (0.01) 1.7 (0.02) 
Willamette 7.3% (p) 1.4 (0.03) 0.3 (0.01) 0.8 (0.01) 2.9 (0.04) 1.4 (0.03) 
Cluster 7.2% (p) 1.3 (0.01) 0.4 (0.02) 0.7 (0.01) 2.9 (0.01) 1.4 (0.01) 
Topaz 15.4% (p) 3.0 (0.04) 0.3 (0.04) 0.6 (0.01) 2.4 (0.03) 1.3 (0.02) 
Columbus  54.6% (l) 
ND
d 
 
ND ND ND ND 
Isohop 30% (l) 
ND ND ND ND ND 
Redihop 30% reduced 
iso-α-acids (l) 
ND ND ND ND ND 
Tetrahop 9% tetrahydro-
iso-α-acids (l) 
ND ND ND ND ND 
Hexahop Gold 10% 
hexahydro&tetrahydroiso-
α-acids (l) 
ND ND ND ND ND 
a 
Percentage iso-α-acids;  
b
 State of hop product (p) – pellets, (l) – CO2 extract;  
c
 Standard deviation 
d 
Not detected 
 
 
Hop plants require a variety of vitamins for plant growth, including thiamine and 
riboflavin vitamers (Goyer 2010), this implies that these vitamers are also present in hop 
products. This study shows that there are variations between different hop varieties with 
regards to the thiamine and riboflavin vitamers. Topaz, Pride of Ringwood, Super Pride, 
Nugget and Summer contained the highest levels of TDP (Table 6.3). This differs to the 
TMP results that are similar across all varieties, while Millennium, Summer, South 
Saazand and South Hallertau contained the highest levels of thiamine. Interestingly the 
concentrations of FMN and riboflavin across the majority of varieties are higher than 
those of the thiamine vitamers. These higher levels are due to the increased 
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photosynthetic process where FMN is an essential cofactor in chloroplasts of plants 
(Whatley et al., 1959; Buch et al., 1995; Lunn 2007; Roje 2007). At the time of 
harvesting the hop plant would be in the most active stages of metabolism and since 
plants obtain their energy through photosynthetic pathways that utilise riboflavin based 
cofactors such as FMN, the results shown in Table 6.3 are not unexpected. 
 
The CO2 extracted hop iso-α-acids contain no detectable vitamers, which is most likely 
due to the extraction method with supercritical carbon dioxide, which does not allow for 
the extraction of water-soluble compounds such as the B-vitamers investigated here. This 
concentration of the hop bittering components appears to completely remove any 
thiamine and riboflavin vitamers, so if used in a brewing system they would provide no 
additive effect of thiamine and riboflavin.  
 
Since Table 6.3 only shows the vitamer content of the actual hop product, the 
extractability of these vitamers from each product was assessed by adding each product to 
250 ml of boiling distilled water for 10 minutes (aromatic assessment) and 60 minutes 
(bittering assessment). Each product was added so that the final iso-α-acids of each 
solution were 5 % to standardise the overall hop content. Five percent was used due to 
ease of preparation. No detectable vitamers were leached into the water after 10 or 60 
minutes of extraction (data not shown). In beer production, only several grams of hops are 
required for large volumes of wort, which would not be enough to become detectable by 
the methods described in Chapter 4. 
 
 
6.4. Effect of Kettle Adjuncts on the Thiamine and Riboflavin Vitamer 
Content 
Brewers can employ a variety of processing aids during wort production to stabilise and 
enhance the final sweet wort. These additions can also affect the final attributes of the 
beer by removing haze causing proteins and polyphenols that can cause chill hazes in the 
final product. During wort production, these additives are generally added to the kettle 
(kettle adjuncts) to produce a more clarified end product. To determine whether the 
addition of these adjuncts can affect the final vitamer content of the sweet wort, four 
commonly used and commercially available additives were obtained (Section 3.6) and 
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added to 500 ml of unhopped boiling wort (1.040 g/cm
3
 produced as detailed in Section 
3.3) at the rate which was specified by the particular supplier. This wort was boiled for 
one hour and the final vitamer content of untreated boiled wort was determined (Section 
4.4). All worts were covered with a watch glass during the boiling process to minimise 
losses due to evaporation and all treatments were shielded from light to minimise losses 
of riboflavin vitamers due to photodegradation. All treatment was performed in triplicate 
and the experiment was duplicated. In all cases, the final amount of wort was measured 
and any losses were accounted for in the calculations (Table 6.4). 
 
Table 6.4. Effect of kettle adjuncts on the thiamine vitamer content of boiled wort. 
Kettle 
adjunct 
 
  
Compound 
TDP 
(µg/L) 
% diff  
b/t 
untreated 
control 
TMP 
(µg/L) 
% diff  
b/t 
untreated 
control 
Thiamine 
(µg/L) 
% diff  
b/t 
untreated 
control 
Untreated 
control 
 
15.7 
(2.1)
a 
 
10.8 
(6.7) 
 
227.1 
(6.1) 
 
PolyClar 
Brewbrite 
Polyvinylpoly-
pyrrolidone 
(PVPP) 
16.6 
(6.4) 5.7% 
10.9 
(3.4) 1.4% 
227.9 
(4.3) 0.4% 
FDC 511 
Foamsol 
Dimethyl-
polysiloxane  
14.5 
(6.2) -7.6% 
11.1 
(2.4) 2.4% 
231.2 
(2.7) 1.8% 
Whirlfloc 
Carrageenan 
powder 
(Rhodeophytceae 
algae) 
4.4 
(7.9) -71.8% 
7.0 
(6.4) -35.2% 
205.8 
(6.4) -9.3% 
Irish 
Moss 
Carrageenan 
powder 
(Chondrus 
crispus) 
2.7 
(2.7) -82.5% 
1.8 
(4.7) -90.0% 
185.2 
(5.7) -18.5% 
a
 Standard deviation of the data 
 
 
The addition of PVPP to the wort did not greatly (TDP p = 0.252; TMP p = 0.987; 
Thiamine p = 0.393) affect the amount of thiamine vitamers present in the wort. This is 
likely to be due to its preferential hydrogen bonding that complexes with haze active 
polyphenols but very few other constituents found in beer (Rehmanji et al., 2002, 2005). 
It makes this particular additive very specific in its mode of action and does not greatly 
affect any other properties of beer. This may explain why the thiamine vitamers are not 
affected by the addition of this additive. 
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The addition of dimethylpolysiloxane to the kettle minimised foam production during 
wort boiling but it had no marked effect on the thiamine vitamers content (p = 0.406 
(TDP), 0.697 (TMP) and 0.125 (thiamine) respectively). This is most likely due to the 
non-polar nature of the dimethylpolysiloxane, which does not encourage the interaction 
with the polar thiamine vitamers. 
 
The addition of various forms of carrageenan (Rhodophycae algae and Chondrus crispus) 
significantly reduced (p < 0.05) the thiamine vitamer content of the wort. These 
reductions are due to the negatively charged κ-carrageenan interacting with the positively 
charged thiamine vitamers (Dalgleish et al., 1988; Briggs et al., 2004; Alexander et al., 
2007). This interaction has previously been described in milk in relation to the interaction 
of various carrageenans and casein (Dalgleish et al., 1988; Bourriot et al., 1999; 
Langendorff et al., 2000; Alexander et al., 2007). These interactions between the 
negatively charged κ-carrageenan interacting with the positively charged thiamine 
vitamers is likely to be enhanced during the wort boil, because as the wort is boiled the 
coil structure of the carrageenan begins to interact with the thiamine vitamers and upon 
cooling of the wort, a helical structure is formed by the carrageenan trapping proteins, 
polyphenols and vitamins (Spagnuolo et al., 2005).  The observation that the carrageenan 
from Chondrus crispus (seaweed) caused a greater removal of thiamine vitamers than the 
Rhodophycae (red algae) carrageen is directly related the different three-dimensional 
structure each source of carrageenan. These differences in structural arrangement allow 
for increased extraction of the testing vitamins. This suggests that the Chondrus crispus 
carrageenan has a higher affinity for polarised molecules and this supports the higher 
removal of the thiamine vitamers from the wort. 
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Table 6.5. Effect of kettle adjuncts on the riboflavin vitamer content of boiled wort. 
a
 Standard deviation of the data 
 
 
Like the thiamine vitamers (Table 6.4), FMN and riboflavin were not significantly 
affected by the addition of PVPP and dimethylpolysiloxane (FMN p = 0.999 and 0.626; 
Riboflavin p = 0.260 and 0.130 respectively) (Table 6.5). These two products are 
relatively inert and will not react with the charged vitamins in the wort. However the 
addition of the carrageenan’s resulted in significant (p < 0.001) decreases in both FMN 
and riboflavin contents of the wort.  This is due to the reactive nature of these additives as 
shown in Table 6.4. The loss of FMN and riboflavin is not as severe as the thiamine 
vitamers and this is due to the negative polarity of these molecules (FMN and riboflavin).  
As explained earlier the negative charge of the carrageenan would repel the riboflavin 
vitamer molecules. The loss therefore is likely due to the refolding nature of the helical 
carrageenan encapsulating the riboflavin vitamers and removing them from the solution. 
It is also possible that the riboflavin becomes bound to proteins that are positively 
charged and are removed from solution in the presence of the additive. Due to a lowered 
trub production during this experiment, it was not possible to accurately analyse it to 
confirm this theory. However this may be possible in larger scale experiments.” 
Kettle 
adjunct 
 
  
Compound 
FMN (µg/L) 
% diff 
b/t 
untreated 
control 
Riboflavin 
(µg/L) 
% diff 
b/t 
untreated 
control 
Untreated 
control 
 
34.1 (3.4)
a 
 
223.9 (6.4) 
 
PolyClar 
Brewbrite 
Polyvinylpoly-
pyrrolidone 
(PVPP) 34.5 (2.4) 1.1% 217.2 (2.3) -3.0% 
FDC 511 
Foamsol 
Dimethyl-
polysiloxane  31.3 (6.4) -8.2% 232.3 (4.8) 3.8% 
Whirlfloc 
Carrageenan 
(Rhodophyta 
algae) 25.1 (8.7) -26.5% 185.2 (3.7) -17.3% 
Irish Moss 
Carrageenan - 
Chondrus 
crispus 22.0 (5.4) -35.5% 177.1 (5.3) -20.9% 
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6.5. Conclusion 
This chapter has shown that mashing has the ability to enhance the thiamine and 
riboflavin vitamer content of produced wort. The lautering of this mash has no effect on 
the thiamine and riboflavin vitamer content and the boiling and trub removal steps 
decrease the overall thiamine and riboflavin vitamers in solution. Thiamine and riboflavin 
contribution from hop cones, when added to the kettle, do not contribute to the level of 
either vitamin in the resultant clarified wort. The addition of carrageenan to the kettle as 
an adjunct will significantly lower the final thiamine and riboflavin vitamer content. 
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Chapter 7 - The Presence and Influence of Thiamine 
and Riboflavin Vitamers During Wort Fermentation 
 
7.1. Introduction 
Saccharomyces cerevisiae and Saccharomyces pastorianus are the most commonly 
utilised brewing yeast strains in breweries today (Boulton et al., 2001; Briggs et al., 
2004). Different yeast strains will impart their own organoleptic characteristics on the 
finished product and this is shown in the wide range of commercially available yeast 
strains (e.g. Wyeast) available to and utilised by brewers. The major difference between 
these yeasts is their ability to flocculate at the top (S. cerevisiae – used in ale production) 
or bottom (S. pastorianus – used in lager production) of a fermentation vessel. Brewers 
will select an appropriate yeast strain based on the final desired flavour profile and the 
intended style of beer. 
Primary fermentations are generally performed in stainless steel vessels (wood and plastic 
vessels are also used depending on the brewery) which are maintained at 8-20 °C for up 
to 10 days depending on the style and the specific flavours and aroma profile desired. 
Yeast is generally re-pitched from batch to batch allowing for ease, but also for a more 
consistent product and minimising brewery waste. At the completion of the fermentation 
process, the yeast can be removed or left to remain in the final product (bottle or cask 
conditioned).Both techniques will provide a variety of different attributes to the final 
product. 
 
Under normal fermentation conditions, yeasts utilise the Emden-Meyerhof or glycolytic 
pathway (Fig. 7.1) to convert glucose into pyruvate in order to produce energy (ATP) for 
the cell.  
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Figure 7.1.  Summary of the Glycolytic and fermentative pathways utilised by yeast 
during brewery fermentations. 
 
 
The glycolytic process reduces NAD
+
 to NADH when glyceraldehyde-3-phosphate is 
oxidised to 1,3-bisphosphoglyerate. This production of NADH creates an imbalance in 
the redox state of the cell, which (under anaerobic conditions) can stall glycolysis and 
could subsequently hinder growth due to the inability to generate ATP by means of 
substrate level phosphorylation (Odintsova 1969; Boulton et al., 2001; Marobbio et al., 
2002; Briggs et al., 2004; Dickinson et al., 2006; Vriesekoop et al., 2007; Hucker et al., 
2008). To combat this, yeast undergoes fermentation where pyruvate is decarboxylated to 
acetaldehyde, which is then converted to ethanol by alcohol dehydrogenase with the aid 
of NADH (Fig. 7.1). This helps to recycle the NAD
+
 allowing for glycolysis to continue. 
A shortfall in thiamine di-phosphate (TDP) within the environment and the yeast cell can 
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have adverse effects on this important recycling process and the generation of alcohol. 
This is due to the TDP dependent pyruvate decarboxylase enzyme being required to 
convert pyruvate to acetaldehyde. This high requirement of TDP has been noted by 
several authors (Maden et al., 1980; Hübner et al., 1988; König et al., 1993; Dobritzsch et 
al., 1998; Walker 1998; Boulton et al., 2001; Slaughter 2003; Dickinson et al., 2006) and 
without this vitamer ethanol production can be hindered and fermentations may not go to 
completion. 
 
Riboflavin vitamers are generally utilised in redox reactions such as those found in the 
TCA cycle, electron transport chain, β- oxidation and the regeneration of NADP+ in 
glycolysis (Fig. 7.2) (Nakamura et al., 1965; Bacher et al., 1969; Matthews et al., 1969; 
Maden et al., 1980; Stott et al., 1993; Niino et al., 1995; Kohli et al., 1998; Pallotta et al., 
1998; Fox et al., 1999; Boulton et al., 2001; Brown et al., 2002; Williams et al., 2002; 
Slaughter 2003; Briggs et al., 2004; Huerta et al., 2009). 
 
 
Figure 7.2.Involvement of riboflavin vitamers in the TCA cycle and OYE complex 
(Williams et al., 2002). 
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At the start of fermentations brewers may choose to aerate the wort to provide yeast with 
optimal conditions in the initial stages of growth, to ensure production of sterols and 
unsaturated fatty acids that are essential to the growth of the culture (Munroe 2006). 
During this brief stage where the oxygen content is high, riboflavin vitamers can play an 
important role in the TCA cycle and β-oxidation and help enhance the viability of the 
fermenting yeast. Riboflavin vitamers are also incorporated into a variety of flavoproteins 
such as L-galono-γ-lactone oxidase and NADPH-oxidoreductase (OYE) involved in 
various redox reactions in yeast cells (Nakamura et al., 1965; Matthews et al., 1969; 
Merrill et al., 1981; Stott et al., 1993; Niino et al., 1995; Brown et al., 1998; Kohli et al., 
1998; Fox et al., 1999; Brown et al., 2002; Williams et al., 2002). The absence of these 
flavoproteins can impede yeast growth and therefore hinder fermentation potential. 
 
Both thiamine and riboflavin can also be synthesised by some strains of yeast (Li et al., 
2010). These strains can produce thiamine by condensing 5-(2-hydroxethyl)-4-
methylthiazole phosphate (HET-P) (produced from cysteine, glycine and d-pentulose-5-
phosphate) and 4-amino-5-hydroxymethyl-2methylpyrimidine diphosphate (HMP-PP) 
(produced from histidine and pyridoxal-5-phosphate) (Li et al., 2010). This reaction 
forms TMP which is dephosporylated to thiamine. 
Riboflavin is typically produced in yeast by the condensation of 5-amino-6-ribitylamino-
2,4 (1H, 3H)-pyrimidinedione and 3,4-dihydroxy-2-butanone 4-phosphate (Bacher et al., 
2000; Marx et al., 2008). These precursors are derived from GTP and ribulose 5-
phosphate and is well described by Bacher et al., (2000). 
 
In this Chapter, the role of thiamine and riboflavin vitamers during a typical fermentation 
will be investigated to determine whether they have either a positive or a negative 
influence on final product. 
 
 
7.2. Presence of Thiamine and Riboflavin Vitamers During Wort 
Fermentation by Various Yeast Strains 
Many brewers use different yeasts for different beer styles as these yeasts can produce a 
variety of flavours and aromas at varying concentrations in the final product. This has led 
to the commercial supply of yeast strains that have been isolated from particular 
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breweries, purified and sold. These slight differences in genetic traits between yeasts 
could potentially influence the vitamin requirements of the yeast cell during fermentation. 
To be able to understand whether a yeast strain can affect the final vitamin content of a 
beer, four brewer’s yeast strains (Section 3.10) were used to ferment standard gravity 
(1.040 g/cm
3
) wort. The inocula were grown, in appropriate wort, with three consecutive 
subcultures grown into the mid- to late-exponential growth phase prior to inoculation. All 
wort was produced as per Section 3.3 and sterilised at 121 °C for 15 minutes. Cultures 
were inoculated at 10
5
 cfu/ml, allowed to ferment for five days during which time the 
thiamine and riboflavin vitamers levels were measured (Fig 7.3 - 7.5). All cultures were 
grown in static wort environments (typical of commercial fermentations) and all results 
shown in Sections 7.2.1 and 7.2.2 are an average of triplicate flasks in duplicate 
experiments. 
 
  
7.2.1. Thiamine vitamers in yeast fermentations 
Up to 98 % of thiamine present in the liquid was utilised by cultures #1084, #2206, and 
#3944 within the first six hours (Fig. 7.3A-C). Whereas the #1007 (Fig 7.3D) performed 
differently as it utilised the thiamine at a slower rate, with 90 % of the initial 
concentration of thiamine utilised after five days of fermentation. This left a high residual 
thiamine concentration in the final wort and may be due to a lowered thiamine 
requirement and uptake system for this yeast. However the yeast utilised the majority of 
the thiamine in solution suggests that this particular yeast (#1007) still has a requirement 
for this vitamer but it is not as strong as the other yeast strains. This lowered uptake 
(#1007) is statistically lower (p < 0.001) than that of the other yeasts with only -23 
μg/L/hour utilisation compared to the -36.9, -35.2 and -36.7 μg/L/hour rates of #1084, 
#2206 and #3944 respectively.  
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Figure 7.3. Utilisation of thiamine vitamers in 1.040 g/cm
3
 wort.  
A – #1084; B – #2206; C – #3944; D – #1007. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
Despite the rapid removal of thiamine from the wort, the changes in concentration of the 
TMP and TDP vitamers do not greatly differ between the various yeast strains tested here. 
The concentration of TMP remains relatively constant throughout the fermentations; 
while the concentration of TDP rose in all instances over the first 24 hours after which the 
concentrations did not change markedly until the end of the fermentation. This lack of 
uptake from the solution is due to the yeast cell using a facilitated transport system with a 
specific thiamine active transporter (Iwashima et al., 1973). This transporter  will only 
carry the free thiamine vitamer and does not facilitate the uptake of any of the 
phosphorylated vitamers (Iwashima et al., 1973). Yeast does have the capacity to utilise 
both TMP and TDP, however these are required to be dephosphorylated prior to uptake 
(Kowalska et al., 2008). The dephosphorylation of the TMP and TDP vitamers is 
facilitated by a periplasmic acid phosphatase, however the dephosphorylation ability of 
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the acid phosphatase is significantly inhibited by the presence of the free thiamine vitamer 
(Nosaka 1990). This may explain why the free thiamine vitamer is rapidly utilised from 
the wort, while the TMP and TDP vitamers remain largely unchanged. The initial rise in 
TDP in the fermenting wort remains unexplained. There is no reported extracellular 
kinase activity that could potentially yield TDP, which may suggest that a small 
proportion of TDP leaches from the yeast cell during active growth.   
The growth rate of the #1007 strain was also lower than that of the other strains (Fig. 
7.4A) but produced a greater decrease in the final specific gravity compared to the other 
strains (Fig. 7.4B). 
 
 
Figure 7.4. Growth and specific gravity measurements of the different fermenting yeast 
in 1.040 g/cm
3
 wort.  
A – Yeast growth; B – Specific gravity. All data are the average of triplicate flasks and 
duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
Yeast #1007 also showed a statistically (p = 0.002) lower growth rate (μ = 0.13) than the 
other yeast strains (μ = 0.16, 0.18, 0.17; #1084, #2206, #3944 respectively). This lowered 
growth rate may be attributed to the lowered thiamine uptake shown in Figure 7.3D, as 
metabolic activities are slower in this particular strain.  However, this does not directly 
translate across to the increased loss in specific gravity observed (Fig 7.4B). It is likely 
that the lower flocculation of the #1007 yeast (Wyeast Laboratories Inc 2012) compared 
to the other yeasts may be attributed to this greater loss in specific gravity, as it is well 
documented that the longer a yeast remains in suspension the better the fermentation 
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performance will be (van Hamersveld et al., 1996; van Hamersveld et al., 1997; Powell et 
al., 2003). As the more flocculent yeasts are removed from the solution faster than the 
#1007 culture they are not in contact with all available nutrients, producing a poor 
fermentation performance. The greater decrease in specific gravity of the #1007 yeast 
supports this theory and suggests that the uptake mechanism of thiamine is lowered 
(lower requirement) in comparison to other strains.   
 
 
7.2.2. Riboflavin vitamers in yeast fermentations 
The changes of riboflavin vitamers during beer fermentations was also investigated and 
unlike thiamine (Fig 7.3), riboflavin and FMN are not greatly utilised (Fig. 7.5). 
 
 
Figure 7.5. Utilisation of riboflavin vitamers in 1.040 g/cm
3
 wort.  
A –#1084; B –#2206; C –#3944; D –#1007. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
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This lack of utilisation of both riboflavin and FMN suggests that the tested yeasts have 
little to no requirement for these vitamers. Also both ribfoalvin and FMN are commonly 
incorporated into a variety of flavoproteins, such as NADH oxidoreductase (FMN 
dependant), which are utilised in the presence of oxygen (Fig 7.2) (Nakamura et al., 1965; 
Matthews et al., 1969; Stott et al., 1993; Niino et al., 1995; Brown et al., 1998; Kohli et 
al., 1998; Fox et al., 1999; Brown et al., 2002; Williams et al., 2002). These 
fermentations were initially aerated by placing the flasks in an orbital shaker at 200 rpm 
for 30 minutes prior to inoculation to simulate standard brewery fermentation conditions. 
Many brewers will aerate their wort to allow the yeast to be exposed to oxygen to aid in 
fatty acid biosynthesis and improve fermentation capacity (Fornairon-Bonnefond et al., 
2002; Depraetere et al., 2008). In all cases the cultures were inoculated statically 
immediately after aeration and despite this minor aeration, the riboflavin vitamers were 
not greatly utilised in all the tested yeast strains. This is most likely due to the 
fermentations being mostly anaerobic in nature; continually aerated cultures may respond 
better (further explored in Section 7.3) 
 
 
7.3. The Effect of the Presence of Oxygen on Thiamine and Riboflavin 
Vitamer Uptake/Production 
In order to further understand the observed changes of both the thiamine and riboflavin 
vitamers during beer fermentations (as revealed in Section 7.2); the influence of the 
dissolved oxygen content of the wort was investigated.  
 
The slow flocculating strain (#1007) from Section 7.2 was chosen for further 
investigation. During this research, 600 ml of 1.040 g/cm
3
 specific gravity wort (Section 
3.3) in a 2 L Erlenmeyer flask was utilised, with one set of the culture being continually 
shaken at 200 rpm in an orbital shaking incubator for five days (Paton Scientific, Aus), 
while the second set of culture was only aerated prior to inoculation and received no 
further agitation during the fermentation period.. The aerated cultures were baffled with 
stainless steel coils (3.5 cm diameter, 30 turns/coil) to increase the oxygenation of the 
wort during this experiment (Hucker et al., 2008). This meant that both cultures started 
with an initial dissolved oxygen concentration of 8.9 mg/L. All cultures were incubated at 
20 °C for five days and the growth, viability, specific gravity and dissolved oxygen 
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content was measured along with the target vitamers. Treatments were performed in 
triplicate, the experiment was repeated and all intracellular and extracellular vitamers 
were determined by the methods described in Chapter 4. 
 
Figure 7.6. The effect of continuous aeration on beer fermentations.  
A – Growth; B – Viability; C – Specific gravity; D – Dissolved oxygen content. All data 
are the average of triplicate flasks and duplicate experiments (n = 6); error bars indicate 
the standard deviation. 
 
 
The continuously aerated cultures fermented faster than the statically incubated cultures, 
reducing the specific gravity of the wort from 1.037 to 1.008 within 48 hours, whereas the 
statically incubated culture took almost twice as long to achieve the same drop in specific 
gravity (Fig. 7.6 A). Interestingly, although continuous aeration did not significantly (p = 
0.212) affect the overall viability of the cultures (Fig. 7.6 B); the continuously aerated 
cultures achieved a slightly higher cell mass at the end of the exponential growth phase 
(Fig. 7.6 C). The dissolved oxygen content of the statically incubated cultures decreased 
from 9.1 mg/L to 1.5 mg/L within six hours; while the continuously aerated cultures took 
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almost 48 hours to achieve the same depletion in dissolved oxygen in the fermenting wort 
(Fig. 7.6D). 
 
 
7.3.1. Effect of oxygenation of wort on the extracellular and intracellular thiamine 
content of fermenting yeast 
The presence of an elevated dissolved oxygen environment in continuously shaken 
cultures resulted in a higher (0.389  ± 0.010 mg/g biomass (dw)/hour) utilisation of 
thiamine than in the static or anerobic culture (0.385 ± 0.008 mg/g biomass (dw)/hour) 
(Fig 7.7 A & B). However, statistically (t = 0.478 with p = 0.637) there is no difference in 
thiamine utilisation of the two treatments. This indicates that the presence of oxygen in 
the wort has no effect on the overall thiamine uptake of the culture.  
 
Changes in TMP and TDP in the fermenting wort remained unchanged and independent 
of the oxygen concentrations (Fig 7.7 C & D).  The main reason for the minimal change 
in extracellular TMP and TDP is probably due to the fact that prior to uptake into the cell, 
the phosphorylated forms of thiamine (TMP and TDP) are required to become 
dephosphorylated, since the thiamine transporter will only transport the thiamine vitamer 
(Iwashima et al., 1973; Kowalska et al., 2008). Furthermore, the extracellular  
phosphorylated forms are dephosphorylated in the periplasmic space by an acid esterase 
that is strongly inhibited by free thiamine (Kowalska et al., 2008). Hence, the uptake of 
extracellular TMP and/or TDP is blocked for as long as the free thiamine vitamer is still 
present. 
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Figure 7.7. Influence of oxygen on the extracellular thiamine vitamers in fermenting 
wort.   
A – Static culture; B – Continuously aerated culture; C – First 12 hours of fermentation 
(Static culture); D – First 12 hours of fermentation (shaken culture). All data are the 
average of triplicate flasks and duplicate experiments (n = 6); error bars indicate the 
standard deviation. 
 
 
The intracellular thiamine vitamer concentrations in both static and continuous aerated 
cultures are very similar (Fig 7.8 A & B). The intracellular concentration of the functional 
intermediate of thiamine (TMP) remains very low throughout the fermentation; while 
both the thiamine and TDP vitamers increase  rapidly over the first six hours (Figs 7.8 A, 
B, C & D). The rapid intracellular increase of thiamine and TDP coincide with a rapid 
decrease in the extracellular thiamine (Fig. 7.7 C & D). As expected the increase in TDP 
was shown in both aerated and non-aerated cultures as TDP is required as a cofactor in 
both the pyruvate decarboxylase (PDC) and pyruvate dehydrogenase (PDH) enzymes 
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(Pronk et al., 1996). Thus regardless of the post-glycolysis metabolic route; the enzyme 
that converts the pyruvate has a TDP requirement. Interestingly the intracellular thiamine 
concentration decreases somewhat after about 12 hours, while the intracellular TDP 
continues to increase (Fig. 7.8 A & B). In light of the rapid utilisation of extracellular 
thiamine (Fig. 7.7); the rapid initial concurrent increase in intracellular thiamine and TDP, 
and the subsequent decrease in intracellular thiamine and continuing increase in 
intracellular TDP appears to suggest that the thiamine is taken into the cell at a much 
greater rate than it is incorporated into a metabolically active form (TDP) (Nosaka 1990; 
Nishimura et al., 1991; Nishimura et al., 1992; Nosaka et al., 1993; Hohmann et al., 
1998). It appears however, that the uptake of the thiamine vitamer into the cell is faster 
than the conversion to TDP, since the intracellular thiamine concentration increases faster 
than the intracellular TDP concentration (Figs 7.8 C & D). The fact that the intracellular 
TMP concentration remains very low throughout the fermentation reiterates that TMP is 
the last intermediate in thiamine biosynthesis, suggesting that the conversion of thiamine 
into TMP is the rate-limiting step and subsequent conversion into TDP is almost 
instantaneous. 
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Figure 7.8.  Influence of oxygen on the intracellular thiamine vitamers in fermenting 
wort.  
A – Static culture; B – Shaken culture; C – First 12 hours of fermentation (Static culture); 
D – First 12 hours of fermentation (shaken culture). All data are the average of triplicate 
flasks and duplicate experiments (n = 6); error bars indicate the standard deviation.  
 
 
7.3.2. Effect of oxygenation of wort on the extracellular and intracellular riboflavin 
content of fermenting yeast 
The presence of elevated oxygen levels in the continuously aerated culture did not greatly 
influence the riboflavin uptake from the wort when compared to the static culture (Fig. 
7.9 A & B). Even the extended presence of dissolved oxygen in the early stages of the 
fermentations of the continuously aerated cultures did not show noticeable difference in 
either the extracellular FMN or riboflavin vitamers when compared to the static cultures 
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(Fig. 7.9 C & D). This suggests that the presence of the oxygen in the wort has no effect 
on the uptake of extracellular FMN or riboflavin.  
 
 
Figure 7.9. Influenceof oxygen on the extracellular riboflavin vitamers in fermenting 
wort.  
A – Static flasks; B – Shaken flasks; C – First 12 hours of fermentation (Static culture); D 
– First 12 hours of fermentation (shaken culture). All data are the average of triplicate 
flasks and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
While the riboflavin vitamer is the dominant extracellular vitamer in fermenting wort in 
both the static and continuously aerated cultures (Fig. 7.9); the dominant intracellular 
vitamer is FMN (Fig. 7.10). This is due to the fact that FMN is utilised as an intermediate 
between riboflavin and various biologically active forms and is produced by the yeast to 
be incorporated into a variety of flavoproteins. Despite the lack of significant differences 
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(p = 0.144) in extracellular riboflavin vitamers between continuously aerated and oxygen-
poor (static) cultures; the intracellular accumulation of FMN in continuously aerated 
cultures is more rapid than what was observed in static cultures (Fig. 7.10 B). However, 
despite slower accumulation of intracellular FMN in the oxygen-poor (static) cultures; the 
ultimate intracellular FMN concentration (after 120 hours) is nearly identical (Fig 7.10 A 
& B). This may suggest that a more abundant availability of oxygen results in a more 
efficient accumulation of intracellular FMN. 
 
 
Figure 7.10. Influence of oxygen on the intracellular riboflavin vitamers in fermenting 
wort.  
A – Static flasks; B – Shaken flasks; C – First 12 hours of fermentation (Static culture); D 
– First 12 hours of fermentation (shaken culture). All data are the average of triplicate 
flasks and duplicate experiments (n = 6); error bars indicate the standard deviation. 
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7.4. Additions of thiamine to fermenting wort 
As shown in Sections 7.2 and 7.3, thiamine is utilised quickly in the initial stages of the 
fermentation. This obvious requirement begs the question of whether the addition of more 
thiamine to the wort will increase the fermentation capacity. Using #1007, an additional 
100 µg/L of thiamine was added to a 1.040 g/cm
3
 wort (Fig. 7.11) and allowed to ferment 
for five days. 
 
 
Figure 7.11. Effect of the addition of thiamine to fermenting S. cerevisiae (#1007). 
A – Control; B –Control + 100 µg/L thiamine. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
The addition of thiamine to wort (Fig. 7.11 A & B) had little effect on the thiamine uptake 
of the culture and in fact the rate of uptake between the two cultures is not statistically 
significant (p = 0.455). This is supported by the fact that the final thiamine concentration 
in the thiamine added culture is 100 μg/L, which is higher than that of the control at the 
end of the fermentation. This indicates that the uptake of thiamine into the yeast cell is 
independent of thiamine concentration and is transported into the cell via an active 
transport system (Iwashima et al., 1973). Interestingly the level of TDP is higher after 12 
hours of fermentation. This increase in TDP may be a direct result of the higher thiamine 
levels in solution but it is quickly utilised by the yeast. Meanwhile the TMP 
concentrations in both treatments remains constant throughout the fermentations and as 
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suggested in earlier sections this is likely due to it being in a state of flux between the two 
other vitamers.  
The effect of the addition of thiamine on the overall yeast performance was also 
investigated (Fig. 7.12).  
 
 
Figure 7.12. Effect of the addition of thiamine on yeast viability and specific gravity of 
fermenting S. cerevisiae cultures.  
A – Viability and cell population; B – Specific gravity. All data are the average of 
triplicate flasks and duplicate experiments (n = 6); error bars indicate the standard 
deviation. 
 
 
Noticeably the addition of thiamine to the wort resulted in a significant (p = 0.043) 
increase in the overall viability of the cultures (Fig. 7.12 A). It also produced marginally 
increased rates of sugar utilisation (Fig 7.12 B). However this increase was not 
statistically significant (p = 0.354) and these results suggest that despite the addition of 
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thiamine not increasing growth, it can help to improve viability that would allow for 
better recovery of yeast between batches. 
 
 
7.5. Effect of High Gravity Wort on Thiamine and Riboflavin Vitamer 
Uptake/Production 
Due to the economic value of high gravity brewing (Briggs et al., 2004), many brewers 
are moving towards this kind of beer manufacturing. High gravity brewing allows 
brewers to produce concentrated (high gravity) wort that can be diluted pre- or post-
fermentation to allow for a greater volume of final product. This is highly advantageous 
in smaller brewhouses where space is at a premium. Smaller breweries may use high 
gravity wort and then dilute the final product just before bottling, thereby increasing their 
final output. However, this process, at times, is not this simple and requires careful 
control to produce the desired product. 
 
Despite high gravity brewing being economically sound, the higher osmotic stress of the 
wort can be detrimental to the yeast culture. Several authors (Casey et al., 1984; Suihko et 
al., 1993; Cooper et al., 1998, 2000; Bileck et al., 2007; Saerens et al., 2008; Piddocke et 
al., 2009; Yu et al., 2012) have reported the negative effects that high gravity brewing can 
have on yeast performance. Such effects can include stuck or poor fermentation, loss of 
head retention, increase in acetate esters (such as ethyl acetate and ethyl hexanoate) and 
other ester production, and a decrease in yeast viability. However, for some beer styles 
(simple ales and lagers) this can be an ideal process to maximise brewhouse yields.    
 
 
7.5.1. Effect of higher gravity wort on the thiamine vitamer uptake/production of 
various yeasts 
To investigate whether osmotic stresses can influence the vitamer content of the final 
wort, the yeast strains utilised in Section 7.2 where added to high gravity wort. This wort 
was produced adding 800 g of Coopers wort (Section 3.3) to 3 L of water. The wort was 
sterilised and each of the four yeasts (#1084, #2206, #3944 and #1007) was inoculated at 
10
5
 cfu/ml. All flasks were aerated by shaking at 200 rpm for 15 minutes prior to 
140 
 
inculcation and then were not stirred throughout the experiment. All fermentations were 
performed in triplicate, the experiment was duplicated and all analyses reported was 
performed in duplicate (Figure 7.13).  
 
 
Figure 7.13. Utilisation of thiamine vitamers in high gravity (1.080 g/cm
3
) wort.  
A – #1084; B – #2206; C – #3944; D – #1007. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
In Section 7.2 (Fig 7.3) yeasts #1084, #2206 and #3944 showed a rapid decrease, and the 
#1007 strain showed a lowered but continual decrease, in the available thiamine content. 
These results are very similar to the results depicted in Figure 7.13. One difference 
between these low and high gravity experiments is that the cultures #1084, #2206 and 
#3944 took approximately eight hours to utilise > 90% (Fig. 7.13 A-C) of the available 
thiamine in solution compared to six hours in the low gravity experiment. This may be 
due to the higher osmotic stress but is more likely due to doubling the concentration of 
thiamine at the start of fermentation, compared to the lower gravity wort experiment 
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(Casey et al., 1984). This is also depicted in Figure 7.13 D where, despite the slower 
uptake of thiamine, the final concentration of thiamine was effectively twice that of the 
low gravity experiments. The rate of uptake is the same as the low gravity experiments 
for all of the cultures, indicating that the uptake mechanism is not affected by the increase 
in specific gravity of the solution. This is most likely due to the fact the cultures were 
preconditioned to the stress (multiple sub-cultures prior to the experiment) and therefore 
the uptake mechanism could be adapted appropriately. The production of TDP is also 
evident in all high gravity cultures and is only ~10 μg/L higher than that of the low 
gravity experiments. This result is not significantly different (p = 0.060) from the low 
gravity experiment suggesting that the higher osmotic stress does not increase the level of 
TDP in solution. All TMP trends follow that of previous experiments with no overall 
change in concentration during the fermentation. As shown in the low gravity 
experiments (Fig. 7.4), the growth rates of the #1084, #2206 and #3944 were not 
statistically different (p = 0.126), while culture #1007 showed lower growth rates (p = 
0.021) (Fig. 7.14 A). 
 
 
Figure 7.14. Cell growth and specific gravity utilisation of high gravity (1.080 g/cm
3
) 
wort by S. cerevisiae.  
A – Cell population; B – Specific gravity. All data are the average of triplicate flasks and 
duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
In both experiments there were no significant differences (p = 0.457) between the final 
cell count. The lower growth rate reflects the lowered vitamer utilisation however; this 
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culture produced more ethanol than the other cultures indicating a more efficient ethanol 
production pathway. The culture #1007 produced the highest amount of ethanol at 7.5 % 
v/v while the other cultures (#1084, #2206 and #3944) produced 7.4, 5.5, and 5.4 % v/v 
for high gravity experiments respectively (Fig. 7.14 B). This may be due to greater yeast 
to wort contact, as it remains in solution longer than the other yeasts. It is known that if a 
yeast flocculates early then the fermentation can become sluggish and the overall 
performance may be reduced (Verstrepen et al., 2003b). It is likely that the high yeast to 
wort contact provides better fermentations and this is shown by the increase in ethanol 
concentration observed (Fig. 7.14 B).  
 
 
7.5.2. Effect of higher gravity wort on the riboflavin vitamer uptake/production of 
various yeasts 
Utilisation of riboflavin appears to be similar to the low gravity experiments (Section 
7.2.2, Fig. 7.5) in all cases (Fig. 7.16).The lack of utilisation of these vitamers, as 
proposed in Section 7.2.2, is likely to be due to the lowered requirement for these 
vitamers by the yeast and the anaerobic nature of these fermentations.  
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Figure 7.15. Utilisation of riboflavin vitamers in high gravity (1.080 g/cm
3
) wort.  
A – #1084; B – #2206; C – #3944; D – #1007. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
7.5.3. Effect of thiamine on the growth of S. cerevisiae in high gravity wort 
As determined in Section 7.5.1, the various yeasts all behaved in a similar fashion when 
compared to the low gravity experiments in Section 7.3. The addition of thiamine to low 
gravity wort was only found to increase the viability of the final culture, but did not affect 
the growth rate or thiamine uptake (Section 7.4). This enhanced viability may assist 
brewers in reducing the risk of “hung” or “stuck” fermentations especially in high gravity 
worts where the increased osmotic stress can have a negative impact on the culture and 
the final product (Casey et al., 1984; Bileck et al., 2007; Saerens et al., 2008; Piddocke et 
al., 2009; Yu et al., 2012).  
 
In this Section, the viability enhancing effects that were observed in 1.040 g/cm
3
 wort 
(Section 7.4) were investigated in high gravity wort. This was performed by adding 100 
R
ib
o
fl
a
v
in
 v
it
a
m
e
rs
 (
g
/L
)
0
50
100
150
200
250
300
350
400
450
FMN
Riboflavin
R
ib
o
fl
a
v
in
 v
it
a
m
e
rs
 (
g
/L
)
0
50
100
150
200
250
300
350
400
450
A B 
Time (hours)
0 24 48 72 96 120
R
ib
o
fl
a
v
in
 v
it
a
m
e
rs
 (
g
/L
)
0
50
100
150
200
250
300
350
400
450
Time (hours)
0 24 48 72 96 120
R
ib
o
fl
a
v
in
 v
it
a
m
e
rs
 (
g
/L
)
0
50
100
150
200
250
300
350
400
450
C D 
144 
 
µg/L of thiamine to a 1.080 g/cm
3 
wort and allowing it to ferment for five days. During 
this period the thiamine uptake, yeast growth and viability were closely monitored and the 
results are shown in Figure 7.16. During this experiment all treatments were performed in 
triplicate with the experiments being performed in duplicate. 
 
 
Figure 7.16. The effect of the addition of thiamine to its uptake by S. cerevisiase (#1007) 
in high gravity wort. 
A– Control; B – Control + 100 µg/L thiamine. All data are the average of triplicate flasks 
and duplicate experiments (n = 6); error bars indicate the standard deviation. 
 
 
The addition of thiamine to the high gravity wort had little effect on the thiamine uptake, 
as shown in Figure 7.16. The addition of this vitamer only resulted in a residual thiamine 
concentration of approximately 100 µg/L more than the control (Fig. 7.16). This was 
expected as the exact same effect was shown in the low gravity experiments (Section 7.4). 
However, the addition of thiamine did increase the viability of the culture (Fig. 7.17), 
which was similar to that of the low gravity experiments. Despite the addition of the 
thiamine not significantly improving the growth rate or reduction of specific gravity (p = 
0.354 and 0.132 respectively), the viability was significantly improved (p = 0.033). By 
adding thiamine to high gravity cultures, the viability and longevity of the culture can be 
increased allowing for better culture maintenance and greater survival during batch-to-
batch transfers.  
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Figure 7.17. Effect of thiamine on the growth of S. cerevisiae (#1007) in high gravity 
wort.  
A– Cell population and viability; B – Specific gravity. All data are the average of 
triplicate flasks and duplicate experiments (n = 6); error bars indicate the standard 
deviation. 
 
 
7.5.4. The effect of the addition of thiamine to a high osmotic stressed, low vitamin 
concentration S. cerevisiae (#1007) culture 
Section 7.5.3 provided evidence that the addition of thiamine to high gravity wort can 
increase the viability of the culture. However, this wort was constructed from the 
doubling of the concentration of malt extract in solution. Not only does this wort have 
high sugar levels but it also has twice the amount of available thiamine. This provided 
ideal conditions for yeast growth and is not always representative of true brewing 
practices. Some brewers will use adjunct cereals to increase their starch content and 
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therefore overall specific gravity. Not all of these adjunct cereals will have the same level 
of thiamine as barley malt, as shown in Chapter 5. In addition, brewers can use highly 
processed sugar adjunct in their brew houses that will not add any extra nutritional 
content to the wort. This would effectively impose a high osmotic stress without an 
appropriate amount of nutrients for the yeast. This may easily lead to stuck fermentations 
costing the brewer time and money. Since thiamine can enhance the viability of the yeast 
cell in high gravity wort situations (Section 7.5.3), this effect was investigated in high 
gravity wort that was made with a mixture of wort and a sugar adjunct.  
 
This high gravity wort was prepared by dissolving 133 g/L of malt extract and 120 g/L of 
maltose and into 1 L of distilled water (Section 3.10.6), producing a 1.080 g/cm
3
 wort 
with only half of the usual thiamine concentration. This was a concern as it would create a 
shortfall in the available thiamine in comparison to the increased level of fermentable 
sugar. To alleviate this, thiamine was then added back to the media to determine whether 
thiamine acts as a stimulant for yeast cultures in high osmotically stressed conditions (Fig 
7.18). All treatments were held at 20 °C for five days, where the thiamine concentration 
was continually measured and compared to a 1.080 g/cm
3
 wort that were produced using 
only double the amount of malt extract. All wort was fermented with the #1007 yeast due 
to its slower thiamine uptake.  
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Figure 7.18. Effect of the addition of thiamine to low thiamine high gravity (1.080 g/cm
3
) 
fermenting S. cerevisiae (#1007).  
A – Unstressed control (no added maltose); B – Stressed control (addition of 120 g/L 
maltose); C – Stressed control + 100 μg/L of thiamine. All data are the average of 
triplicate flasks and duplicate experiments (n = 6); error bars indicate the standard 
deviation. 
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As expected the unstressed control (Fig. 7.18 A) utilised the thiamine in a similar fashion 
to previous experiments. However when the yeast was exposed to a high gravity, low 
thiamine wort (Fig. 7.18 B) the thiamine uptake was significantly lowered (p < 0.001). 
The unstressed control thiamine uptake was 5.6 µg/L/hr compared to the impaired 2.5 
µg/L/hr of the stressed control. Initially the concentration of TDP also rises in the stressed 
control which may be a direct result of the higher osmotic stresses applied to the culture 
(Fig 7.18B). When thiamine is added to the stressed culture (Fig 7.18 C) the uptake of 
thiamine was not significantly enhanced (p = 0.101; 2.7 µg/L/hr) when compared to the 
stressed control. The addition of thiamine did not enhance the uptake of the yeast, which 
was expected, as this was not shown in any previous experiment. The addition of this 
vitamer did enhance the viability of the culture when compared to the stressed control 
(Fig 7.19 A).  
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Figure 7.19. Effect of the addition of thiamine to low thiamine high gravity (1.080 g/cm
3
) 
fermenting S. cerevisiae (#1007).  
A – % viability; B – Specific gravity; C – Cell population. All data are the average of 
triplicate flasks and duplicate experiments (n = 6); error bars indicate the standard 
deviation. 
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Despite this slight enhancement, the finial viability was not significantly (p = 0.458) 
better than that of the stressed control. This suggests that the enhancing effect reported in 
other sections really only applies in a media with all available nutrients. The lack of 
nutrients affected all aspects of the fermentations, producing lower viability and sugar 
utilisation when compared to the unstressed control. This indicates that the addition of 
thiamine cannot enhance the fermentation. To try and enhance the overall yeast 
performance under these conditions, other aspects such as nitrogen requirements should 
be investigated. 
 
 
7.6. Conclusion 
Typical brewing yeast has the ability to utilise thiamine very quickly while riboflavin is 
not utilised at all during a typical fermentation. Despite this thiamine appears to have a 
supportive role in yeast metabolism by increasing the viability of culture. This effect is 
further supported by the results obtained for the higher osmotically stressed culture 
experiments. 
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Chapter 8 - Effect of Downstream Processing and 
Maturation on the Final Thiamine and Riboflavin 
Vitamer Content of Beer 
 
8.1. Introduction 
Once a beer has been fermented to a brewer’s satisfaction, it will undergo a variety of 
processes to prepare it for packaging and ultimately consumption (Fig. 8.1). 
 
 
 
Figure 8.1. Post fermentative processes in beer production. 
 
 
These various processes may have a positive or negative effect on the final product.  
While most post-fermentation processes have been introduced to combat some product 
instability effects and can therefore be considered to have a positive effect, many of the 
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post-fermentation process have side effects that can negatively affect some aspect of the 
final product. Processes that introduce heat such as pasteurisation are likely to reduce the 
thiamine content; while processes that cause exposure to light may bring about losses of 
riboflavin. It is currently unknown what effects many of these post fermentative processes 
such as the addition of processing aids and pasteurisation can have on the final vitamin 
content. Furthermore, there is currently no information available on whether storage 
temperature can have any effect on the vitamin content of a beer. 
 
Each beer style, production method, and recipe brings vast differences in the plethora of 
available beers. These differences between styles and even within a particular style could 
potentially produce large variations in the vitamin content of a beer. Several authors 
(Southgate 1924; Laufer et al., 1942; Hopkins 1943, 1944; Graham et al., 1970; Voss et 
al., 1976; van Heerden et al., 1987; van Heerden 1989; Bamforth 2002; Pietercelie et al., 
2003; Vinas et al., 2003; Bamforth 2004; Vinas et al., 2004; Bamforth 2007) have 
reported the presence of thiamine and riboflavin vitamers in beer. However these studies 
have been limited in that only relatively small sample numbers have been used. There has 
also been little discussion over whether there are any major variations within various beer 
styles (e.g. within the ale style) and between the vast number of commercially available 
beer styles (i.e. between ales, lagers, stouts, porter etc.).  
 
This chapter will investigate whether the addition of various post-fermentative processing 
aids, various downstream processes and maturation can influence the final vitamin 
content of a beer. 
 
 
8.2. The Effect of Post-fermentative Processing Aids and Simple 
Downstream Processing on the Final Thiamine and Riboflavin Vitamer 
Content of Beer 
Brewers can choose to use a variety of brewing aids and treatments to help stabilise and 
prolong the shelf life of the final product. These additives can stabilise a beer by 
inhibiting bacterial growth or by removing unwanted protein complexes that can produce 
haze in the final product (Rehmanji et al., 2002, 2005). Since the addition of these 
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additives can remove compounds such as proteins and polyphenols, there is the possibility 
that they may also lower the amount of thiamine and riboflavin vitamers within the final 
product. Similarly downstream processes such as pasteurisation, filtration and 
refrigeration used to stabilise a beer may influence the concentration of these vitamins.  
To investigate the influence of post-fermentative additives and downstream processes on 
the thiamine and riboflavin vitamer content of the final product, a series of commercially 
available additives were purchased and added to a previously fermented bright beer (4.5 
% v/v ethanol). They were allowed to react with the beer (as per manufactures 
instruction), then the beer was filtered and the vitamin content was measured. In addition, 
the effects of refrigeration, centrifugation, filtration and pasteurisation were investigated 
to determine whether these processes would influence the vitamin content of beer.  
The percentage difference between the untreated control and the applied treatments were 
calculated to determine whether the process or additive had a positive or negative effect 
on the final vitamer content. Negative percentages represent losses in vitamer content 
when compared to the untreated control. All results shown in Tables 8.1 - 8.4 are an 
average of quadruplicate treatments, while all experiment were duplicated (i.e. n = 8 for 
each data point).  
 
 
8.2.1. Effect of downstream processes and processing aids on the thiamine vitamer 
content of the final product 
Refrigeration, filtration and centrifugation had little effect on the overall thiamine vitamer 
content of the final wort, while centrifugation caused a minor decrease in both TDP and 
TMP (Table 8.1). The decrease in TDP and TMP is most likely due to the removal of 
protein bound vitamers during the centrifugation. Pasteurisation caused a significant 
reduction in TDP (– 85%); while there was a noticeable increase in TMP (+ 11%). 
Interestingly, there was no obvious change in thiamine, which is contrary to a previous 
report on the stability of thiamine in beer (Beadle, et al., 1943). 
 
All processing aids and additives had a negative impact on the TDP concentration of the 
final beer with tannic acid providing the highest loss of this vitamer. This is not the same 
for TMP as only tannic acid and potassium metabisulphite had a major impact on this 
vitamer. This is likely due to the higher instability of TDP in solution when compared to 
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TMP being affected by the various additives. In addition, any losses in TDP may have 
resulted in direct increases in TMP, which in turn can then be converted to thiamine 
making it difficult to track these vitamers exact production/loss in the final product. With 
the exception of bentonite, tannic acid, potassium metabisulphite and finings the thiamine 
content of every treatment was marginally increased. Bentonite had a negative effect on 
the thiamine vitamer content of the beer. Bentonite is electrostatically charged and it has 
been reported to be active at pH 3-5 in wine, which incorporates the pH of beer (Hsu et 
al., 1987; Vanrell et al., 2007; Lambri et al., 2012). At this pH range, bentonite is 
negatively charged and as such would easily bind the positively charged thiamine 
molecules from solution. The fact that the removal is not higher may be due to the affinity 
of other proteins in the beer to bind to the bentonite at greater affinity and speed. This 
additive is no longer commonly used by commercial breweries due to its high affinity for 
foam-active proteins; however it can still be purchased for brewing purposes (Siebert et 
al., 1989; Fontana et al., 2009; Gresser 2009). 
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Table 8.1. Effect of downstream processes and processing aids on the final TDP and 
TMP vitamer content of finished beer. 
Treatment Compound 
TDP TMP Thiamine 
(µg/L) %  (µg/L) %  (µg/L) %  
Untreated 
NA
a 32.7 
(0.33)
b
   
24.5 
(1.02)   
157.9 
(0.26)
b 
  
Refrigeration  
4 °C 
32.2 
(1.33) -1.5 
25.0 
(3.24) 2.0 
160.8 
(0.34) 1.8 
Filtration 
0.45 µm filter 
33.1 
(0.17) 1.2 
24.1 
(2.11) -1.6 
158.0 
(2.11) 0.1 
Centrifugation 
5000 g for 5 
minutes 
31.3 
(2.11) -4.2 
23.1 
(1.76) -5.7 
158.3 
(0.37) 0.2 
Pasteurisation  
95 °C for 3 
minutes 
4.8 
(0.44) -85.3 
27.2 
(2.80) 11.0 
159.3 
(3.44) 0.88 
CZY 511 abv 
Chillzyme  
Protease from 
Carica papya  
32.0 
(2.44) -2.1 
26.2 
(1.01) 6.9 
159.7 
(0.44) 1.1 
Bentonite 
powder  
Bentonite 
(natural clay) 
26.5 
(2.47) -19.0 
23.3 
(1.91) -4.9 
136.2 
(1.24) -13.7 
Clear cool 
 
Papain 
23.5 
(3.44) -28.1 
24.5  
(0. 20) 0.0 
156.9 
(1.23) -0.6 
Tannic acid 
 
Tannic acid 
10.9 
(0.45) -66.7 
15.1 
(0.54) -38.4 
35.8 
(3.41) -77.3 
Potassium 
metabisulphite 
Potassium 
metabisulphit
e 
23.5 
(2.13) -28.1 
18.6 
(1.02) -24.1 
102.3 
(2.01) -35.2 
PolyClar 
Brewbrite 
Polyvinylpoly
-pyrrolidone 
(PVPP) 
32.8 
(4.22) 0.3 
24.3 
(0.62) 0.8 
159.6 
(0.99) 1.1 
Brite sorb BK75 
(BAK511) 
 
Silica gel 
31.6 
(3.41) -3.4 
24.9 
(1.73) 1.5 
160.3 
(3.16) 0.3 
Finings 
(powder) 
yeast removed
c
  
 
Isinglass 28.7 
(2.70) -12.2 
23.7 
(1.11) -3.3 
135.0 
(0.43) -14.5 
Finings 
(powder) 
yeast not 
removed  
 
Isinglass 
21.4 
(2.5) -34.6 
12.9 
(3.3) -47.3 
122.4 
(0.96) -22.5 
a 
Not applicable  
b
 Standard deviation of the data. 
c
 Yeast removed by filtration, prior to further treatment 
 
 
The addition of tannic acid significantly reduced the thiamine content of the final product. 
This removal is likely to be due to the anionic nature of tannic acid reacting with the 
cationic thiamine molecule (Briggs, et al., 2004; Fontana, et al., 2009). Therefore, as the 
tannic acid removes proteins it would also bind thiamine molecules and remove them 
from the solution. The fact that not all of the thiamine vitamers were removed is likely 
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due to the active sites on the tannic acid binding sites being saturated. The potassium 
metabisulphite also negatively impacted on the concentration of all thiamine vitamers. 
This is due to the cleaving action of the sulphite on the thiamine molecule (Williams et 
al., 1935; Leichter et al., 1969; Arnold et al., 1971; Dwivedi et al., 1972a, 1973) where 
the methylene bridge is broken in a first order reaction. Where the tannic acid removed 
the thiamine vitamers, the metabisulphite would have destroyed the available thiamine 
vitamers. Despite Leichter et al., (1969) reporting that thiamine was completely destroyed 
in 24-48 hours at room temperature this was not observed in these experiments. This is 
likely due to the other wort components protecting some of the thiamine from 
degradation. Leichter et al., (1969) and other authors  (Jarosensanti et al., 1981) only 
tested this effect in ideal conditions (just a solution containing sulphites and thiamine) and 
it does not account for other components found in beer. 
PVPP (Polyclar Brewbrite) has little effect on the thiamine vitamer content of the beer. 
This is due to its preferential hydrogen bonding with haze active polyphenols and very 
few other constituents in beer (Rehmanji et al., 2002, 2005). These results are slightly 
different to those in Section 6.4 and this is due to the changes in the wort post 
fermentation (presence of ethanol, loss in sugars etc).  
Britesorb BK75 has little effect on the thiamine vitamer content of the beer and this is due 
to the inert nature of the silicic acid-hydrogel matrix (PQ Corporation 2002). This 
additive only interacts with haze forming protein groups and will not affect the polarised 
thiamine molecules.  
Isinglass is typically added to a bright beer towards the end of the fermentation to remove 
the yeast. In this experiment since all other processing aids were added to clarified beer 
(filtered) and the isinglass is typically added to beer containing yeast, its effect in both 
unclarified and clarified bright beer was also investigated. Table 8.1 indicates that the 
addition of this processing aid resulted in a great loss in TDP and thiamine vitamers. In 
preclarified beer the thiamine vitamers are reduced however when in the presence of yeast 
cells this loss is amplified. This suggests that the isinglass absorbs the thiamine vitamers 
from solution and in the presence of yeast cells, the electrostatic attraction (greater 
binding surface) is increased removing more of the vitamers. Isinglass is positively 
charged and therefore attracts negatively charged particles and flocculate out of solution 
once they reach a certain size (Rehmanji et al., 2005; Walker et al., 2007). When 
combined with yeast cells these particulates become very large and could easily attract 
other negatively charged molecules (Walker et al., 2007). Since thiamine and its vitamers 
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are dipolar it seems very likely that they would be lost during the addition of this 
processing aid.   
 
 
8.2.2. Effect of downstream processes and processing aids on the riboflavin vitamer 
content of the final product 
The exposure of bright beer to refrigeration, filtration or centrifugation did not greatly 
affect either the riboflavin or FMN vitamer content of the finished beer (Table 8.2). 
However, FMN was significantly reduced by pasteurisation; while the riboflavin content 
does not appear to be greatly affected. It is possible that some of the FMN was 
dephosphorylated due to the heat treatment, which could have yielded free riboflavin 
vitamer. However, it is also possible that some of the FMN and riboflavin vitamers were 
destroyed by the pasteurisation treatment. This would account for the small discrepancy 
in total vitamer content (Table 8.2).    
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Table 8.2. Effect of downstream processes and processing aids on the final FMN vitamer 
content of finished beer. 
Treatment Compound  
FMN Riboflavin 
 (µg/L) %   (µg/L) %  
Untreated 
NA
a 
48.0 
(2.00)
b
 
  
207.5 
(0.13)
b   
Refrigeration  4 °C 
47.6 
(3.11) 
-0.7 
206.7 
(3.40) 
-0.4 
Filtration 0.45 µm filter 
47.9 
(3.46) 
0.2 
207.0 
(0.67) 
0.2 
Centrifuged 
5000 g for 5 
minutes 
47.4 
(2.62) 
-1.2 
204.4 
(1.92) 
-1.5 
Pasteurisation  
95 °C for 3 
minutes 
37.2 
(1.10) 
-22.6 
210.4 
(3.80) 
1.4 
CZY 511 abv 
Chillzyme 
Protease from 
Carica papya  
9.3 (0.60) -80.6 
202.5 
(0.21) 
-2.4 
Bentonite powder  
Bentonite 
(natural clay) 
10.9 
(0.27) 
-77.3 
194.5 
(0.53) 
-6.3 
Clear cool 
Papain 
7.8 (3.51) -83.8 
198.8 
(1.86) 
-4.2 
Tannic acid Tannic acid 
12.6 
(2.98) 
-73.8 
139.0 
(1.30) 
-33.0 
Potassium 
metabisulphite 
Potassium 
metabisulphite 
12.0 
(1.06) 
-75.0 
195.3 
(0.90) 
-5.9 
PolyClar 
Brewbrite 
Polyvinylpoly-
pyrrolidone 
(PVPP) 
10.8 
(0.37) 
-77.5 
195.6 
(3.14) 
-5.7 
Brite sorb BK75 
(BAK511) 
 
Silica gel 
21.2 
(3.49) 
-55.8 
205.4 
(4.56) 
-1.0 
Finings (powder) 
yeast removed
c 
 
Isinglass 
22.0 
(2.07) 
-54.2 
203.3 
(5.07) 
-2.0 
Finings (powder) 
yeast not removed  
 
Isinglass 
17.9  
(1.5) 
-62.7 
196.0 
(1.2) 
-5.5 
a 
Not applicable  
b
 Standard deviation of the data. 
c
 Yeast removed by filtration, prior to further treatment 
 
 
All processing aids significantly lowered the FMN content of the finished beer; while 
riboflavin was less affected by the additions of the processing aids. The greatest reduction 
of in both FMN and riboflavin was caused by the addition of tannic acid (74 and 33% 
respectively), which is most likely due to the co-removal of protein bound vitamers. 
Interestingly, papain caused the greatest reduction in FMN (80+ %); while the riboflavin 
vitamer only decreased by 3-5 %. Since FMN is linked to protein complexes, 
(flavoproteins) it is possible that the activity of this enzyme on the protein has resulted in 
a loss. As the flavour proteins are degraded, the fluorophore of the riboflavin may have 
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become quenched and not detectable. This would account for the vast loss of this vitamer 
in comparison to the free riboflavin. In addition, the greater charge of the FMN molecule 
in comparison to riboflavin would make it an ideal compound for absorbance by these 
aids. Also due to FMN being linked with many protein complexes, the removal of any 
protein from solution should decrease the overall FMN.  
 
 
8.3. The Effect of Bottle Conditioning on the Vitamin Content 
Other than the use of additive and/or processing aids to enhance the quality or shelf life of 
beer, one of the traditional methods to enhance beer quality is to utilise yeast for the 
carbonation of beer, through either cask and/or bottle conditioning. In these experiments, 
the changes in both thiamine and riboflavin vitamers during bottle conditioning and 
subsequent storage of beer was examined.   
During this investigation, bottle-conditioned and filtered beer (control) was collected 
directly at the point of bottling from a large-scale commercial Australian brewery. All 
filtered beer was stored at 4 °C until the study begun, while all bottle conditioned beer 
was stored at 14 °C for three weeks to allow for maturation and bottle-conditioned 
carbonation of the beer. This was performed to mimic the conditions of this particular 
breweries maturation and warehouse procedures. At the end of the initial three week 
period both bottle conditioned and filtered beer was divided into four separate batches 
which were stored in the dark at different temperatures (4, 14, 24, and 34 °C), which were 
stored for up to 16 weeks (Fig 8.2). Samples were taken at 1, 3, 5, 7, 9, 11, 13 and 16 
weeks intervals and analysed for their thiamine and riboflavin vitamer content and the 
organoleptic properties.  
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Figure 8.2. Flow chart of bottle conditioned and filtered beer shelf life study. 
 
 
8.3.1. Effect of initial storage and maturation on the thiamine and riboflavin vitamer 
content of bottle conditioned beers 
The effect of the initial storage conditions on the bottle-conditioned beer was first 
investigated to determine whether the maturation step significantly altered the vitamer 
content. 
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Figure 8.3. Thiamine and riboflavin vitamer content in bottle conditioned beer during the 
initial three-week storage period after production.  
A – Thiamine vitamers; B – Riboflavin vitamers; C – Yeast viability. All results are an 
average of triplicate analysis of duplicate samples (n= 6). 
 
 
During the first week of maturation the thiamine content in the beer decreased by 60 % 
(Fig. 8.3A), while the TMP and the TDP levels remained relatively unchanged. This 
utilisation of the thiamine is likely to be similar to the rapid uptake shown earlier (Section 
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7.2) at the start of a standard beer fermentation.  In typical bottle conditioning processes, 
a small amount of sugar is added to the bottle to allow the yeast to ferment just enough to 
primarily carbonate the beer and continue to remove unwanted components such as 
vicinal diketone (Anderson 2000; Boulton et al., 2001; Bamforth et al., 2004; Munroe 
2006; Lodolo et al., 2008). This secondary fermentation would act in a similar fashion to 
those reported in Section 7.2, in that thiamine levels would initially decrease (as shown in 
Fig. 8.3 A). The slower rate of uptake is likely due to the decrease in fermentation 
performance since a majority of the available sugars have been utilised during primary 
fermentation. In addition, the alcohol present from the primary fermentation will impart 
an inhibitory effect on the yeast, slowing the fermentation rate. Since a brewer is trying 
not to over carbonate the beer (risk of exploding bottles) it is advantageous to only have a 
limited and controlled fermentation at this point.  
 
During the bottle-conditioning, maturation period both FMN and riboflavin vitamers 
levels remain relatively unchanged (Fig. 8.2 B) as yeast has little requirement for these 
vitamers in anaerobic conditions and this reflects the results reported in Section 7.2. 
During this three-week maturation period, the viability of the yeast culture (Fig. 8.3 C) 
remained relatively unchanged with only a 2 % decrease. Since the yeast is viable and 
active (no non-carbonated beer was found) during this period, it suggests that the changes 
observed in the thiamine vitamer content are due to the yeast activity in the beer.  
 
 
8.3.2. Effect of storage temperatures on the viability of bottle conditioned yeast over a 
16 week period 
After the initial storage period, the bottle conditioned and filtered beers were stored at 
various temperatures (4, 14, 24, and 34 C). Samples were taken 1, 3 5, 7, 9, 11, 13 and 
16 weeks intervals. At higher storage, temperatures the viability of the bottle conditioned 
yeast dramatically decreased (Fig 8.4) at rates of 2.34, 2.95, 4.68 and 5.85 %/week for the 
4, 14, 24 and 34 °C temperatures respectively.  
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Figure 8.4. Effect of storage temperatures on the viability of bottle conditioned yeast over 
a 16-week storage period.  
All results are an average of triplicate bottles analysed in triplicate (n = 9). 
 
The increased loss of viability is similar to that reported in the literature (Nagodawithana 
et al., 1974; Torija et al., 2003). These authors both reported that at elevated temperatures 
(>30 °C) the viability of the yeast culture is dramatically reduced. Similar to this research, 
as the yeast continues to ferment on the small amount of sugar present in the bottle it will 
produce more ethanol. This increase in shock would result in an increase loss of viability.  
 
 
8.3.3. Effect of storage temperatures on the thiamine vitamer content of bottle 
conditioned and filtered beer 
Typically filtered beers have a variety of stabilisation treatments applied to them to aid in 
retaining the high clarity of the style of beer. However bottle conditioned beers, as the 
name suggests, will still have live yeast in the bottle and storage can have both positive 
(CO2 production) and negative effects (unwanted volatile components) on the final 
product. As shown in Section 7.2, active fermentation greatly affects the thiamine content 
of the finished wort. During secondary fermentation, sugar is added to the bottles to allow 
for a small amount of subsequent fermentation with the main objective being to carbonate 
the beer. This small amount of metabolic activity can have both positive and negative 
effects on the final thiamine vitamer content because the yeast remains metabolically 
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active post-packaging. However, as yeast cells die off it is likely that there may be some 
thiamine released into the beer.  
 
In order to uncover whether the storage conditions of bottle conditioned beers can impact 
on the final thiamine content of beer, an experiment was devised where bottle conditioned 
beers were stored at a variety of temperatures which were compared to a similar beer that 
contained no live yeast (commercially available, filtered beer). 
 
The storage temperatures had varied effects on the thiamine content of the bottle-
conditioned beer (Fig. 8.5 D-F). Very noticeable was the discrepancy in TDP over time 
between the various storage temperatures; with the lower temperatures (4 and 14 °C) 
showing a rise in concentration followed by a stabilisation after 6-8 weeks (Fig. 8.5 D). 
Conversely, storage of bottle-conditioned beer at 34 °C caused an immediate and sharp 
decline in TDP. Furthermore, while the thiamine content rose over time at all storage 
temperatures investigated; the increase in thiamine vitamers was more pronounced at 24 
°C, with a very rapid and sustained increase when the bottle conditioned beers were 
stored at 34 °C (Fig. 8.5 F). The concentration of TMP in bottle conditioned beers 
increased slightly at all temperatures investigated but it was nearly impossible to 
determine differences between the heat treatments (Fig. 8.5 E). 
Storage of the filtered beer at various temperatures produced very similar results with 
regards to TDP as those obtained from the bottle conditioned beers (Fig. 8.5 A). This 
implies that TDP (in)stability in bottle conditioned beers is predominantly influenced by 
the temperature itself, rather than the release or uptake of TDP by or from the yeast 
(Beadle et al., 1943; Farrer 1948). Similarly, the effect of storage temperature on TMP 
appears to be independent of the presence of yeast (Fig. 8.5 B & E). However, the 
thiamine vitamer profile at various storage temperatures in filtered beers is markedly 
different from those observed in bottle-conditioned beers. While there was a slight initial 
decrease in thiamine at all temperatures investigated here; the thiamine content at the 
lower storage temperatures (4 and 14 °C) in filtered beers did not differ greatly from the 
same profiles observed in the bottle-conditioned beers. However, whereas storage of 
bottle-conditioned beers at 24 and 34 °C showed a marked increase in thiamine 
(approximately five-fold increase); the thiamine content in the filtered beer stabilised at 
about half their initial content (Fig 8.5C). This loss of thiamine in the filtered beers can be 
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attributed to the higher temperatures and the markedly larger changes in the bottle-
conditioned beers are due to the presence of the yeast.  
 
 
Figure 8.5. Effect of storage temperatures on the thiamine vitamer content in bottle 
conditioned and filtered beer.  
A – TDP in filtered beer; B –TMP in filtered beer; C – thiamine in filtered beer; D - 
Bottle conditioned TDP; E – Bottle conditioned TMP; F – Bottle conditioned thiamine; 
All results are an average of triplicate analysis of duplicate samples (n= 6). 
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8.3.4. Effect of storage temperatures on the riboflavin vitamer content of bottle 
conditioned and filtered beer 
Throughout storage of the beers, the FMN content of the filtered beer remains relatively 
constant (Fig. 8.6A). The higher storage temperatures (24 and 34 °C) resulted in a rapid 
decrease in the FMN content which stabilised after eight weeks while the low temperature 
storage (4 °C) remained at a constant level. This indicates slight heat instability of this 
vitamer over extended periods at higher temperatures. These results are markedly 
different to those of the bottle-conditioned beer (Fig. 8.6 C). At low storage temperatures 
(4 and 14 ° C), the FMN content remains relatively unchanged; while at higher 
temperatures (24 and 34 °C) the amount of FMN that is present in the beer increases. This 
is prominent in the 37 °C stored beer where the FMN content rose for the first nine weeks 
of the storage which is due to FMN leaching out of the cell (Farrer 1946). Interestingly 
after this point, the FMN levels appear to be removed from the solution. It is possible that 
at this stage in the yeast life cycle it may have lost the active ability to produce FMN and 
starts sourcing it from the environment. This would coincide with the loss of viability 
observed in Figure 8.4. Another explanation for this sudden uptake is that the FMN 
begins to bind to other components released by the yeast resulting in unmeasurable 
results. In addition, if the FMN is bound to other compounds the fluorphore of FMN may 
be lost or altered and therefore unmeasurable on the current detection method described in 
Chapter 4. In addition, it is interesting to note that there is quite a difference in the FMN 
content of the filtered and bottle conditioned beer. This is likely due to difference in raw 
materials used in the production of these beers. As reported in Section 5.2, various malts 
and cereals contained different FMN levels.  
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Figure 8.6. Effect of storage temperatures on the riboflavin vitamer content in bottle 
conditioned and filtered beer.  
A – Filtered FMN; B – Filtered riboflavin; C – Bottle conditioned FMN; D – Bottle 
conditioned riboflavin; All results are an average of triplicate analysis of duplicate 
samples (n= 6). 
 
 
Similar to the FMN results the riboflavin concentration of the filtered beers remains 
relatively constant (Fig. 8.6 B). An initial decrease was observed in the higher storage 
conditions when compared to the lower temperatures. Despite riboflavin being relatively 
stable to heat treatments at this pH (Choe et al., 2005), these observed losses are likely 
due to chemical interactions between other beer components and the riboflavin. At the 
higher storage temperatures, chemical reactions would be increased and therefore higher 
loss may be observed. This is similar to the results for the bottle-conditioned beers (Fig 
8.6 D). However, the increased rate of loss of riboflavin from the solution in the bottled 
conditioned beer is likely due to the [1] yeast potentially requiring the vitamer as nutrient 
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levels deplete and [2] the interaction of riboflavin with other beer components. As a yeast 
cell becomes stressed, the biosynthesis of riboflavin may be hindered as the GTP 
(required for riboflavin synthesis) levels are reduced (Shavlovsky et al., 1980; Bacher et 
al., 2000). This would lead to the cell sourcing the riboflavin from the external 
environment to manage this short fall to maintain metabolism. It is also likely that as the 
yeast dies it produces compounds that interact and remove the riboflavin as suggested 
with the FMN data. As the yeast autolysis enzymes capable of breaking down both FMN 
and riboflavin may be released from the cell and begin to degrade the riboflavin. This 
theory is supported by the fact that at higher storage temperatures the rate of loss is 
greater.  Since light was excluded from this experiment, it is highly unlikely that these 
decreases are due to photo-degradation. However it has been noted that riboflavin will 
naturally breakdown in milk at 8 °C storage temperatures in the absence of light (Munoz 
et al., 1994). It is also likely that at these elevated temperatures that the riboflavin is being 
oxidised by hop acids. Further investigation into the by-product production is required to 
confirm this theory. 
 
 
8.3.5. Effect of storage temperature on the organoleptic properties of bottle conditioned 
and filtered beer 
In order to determine whether these changes in thiamine and riboflavin vitamer content 
due to storage conditions affected the overall flavour of the final product, 16 panellists 
were asked to determine a difference in a triangular taste test, where they may be 
presented with all three of the same beers or where one of the beers was different. In 
order for the group to be able to differentiate between beers some brief training was 
provided where they were given spiked (with various flavours e.g. isoamyl acetate, ethyl 
hexanoate) beer samples. This training provided the panellist with the knowledge of how 
to correctly taste beer but it did not try to identify ‘supertasters’. It was the aim of this part 
of the research was to determine whether an average beer drinker could tell if there was 
anything abnormal with beers that have been incorrectly stored. Using the tables reported 
by Roessler et al., (1978), statistical differences (where p < 0.05) were determined based 
on the number of panellist that could accurately determine a difference. Where a “D” (no 
difference result) was recorded when an actual difference was present then these results 
were counted as incorrect.  
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Table 8.3. Correct responses from the triangle taste test results of stored bottle-
conditioned and filtered beer.  
Week  
#  
panellists 
4 °C v 14 °C 4 °C v 24 °C 4 °C v 34 °C 
Bottle 
conditioned 
Filtered 
beer 
Bottle 
conditioned 
Filtered 
beer 
Bottle 
conditioned 
Filtered 
beer 
1 16 NT
a 
NT p > 0.05
b 
p > 0.05 p > 0.05 p > 0.05 
3 12 NT NT p > 0.05 p > 0.05 p > 0.05 p > 0.05 
5 10 NT NT p > 0.05 p > 0.05 p > 0.05 p = 0.01 
7 15 NT NT p > 0.05 p > 0.05 p > 0.05 p > 0.05 
9 14 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 
11 11 p > 0.05 p > 0.05 p > 0.05 p = 0.01 p = 0.001 p = 0.01 
13 16 p > 0.05 p > 0.05 p = 0.05 p > 0.05 p = 0.001 p = 0.001 
16 16 p > 0.05 p > 0.05 p = 0.01 p = 0.05 p = 0.001 p = 0.001 
 
Week  
#  
panellists 
14 °C v 24 °C 14 °C v 34 °C 24 °C v 34 °C 
Bottle 
conditioned 
Filtered 
beer 
Bottle 
conditioned 
Filtered 
beer 
Bottle 
conditioned 
Filtered 
beer 
1 16 NT NT NT NT NT NT 
3 12 NT NT NT NT NT NT 
5 10 NT NT NT NT NT NT 
7 15 NT NT NT NT NT NT 
9 14 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 
11 11 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p = 0.05 
13 16 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 
16 16 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p = 0.05 p > 0.05 
a 
Not tested 
b
 Statistical difference determined by using the reference tables testing level for triangular testing (Roessler 
et al., 1978) 
 
 
The 14 °C beer was not given to the panellists for the first seven weeks so as not to 
overload the panellists too quickly in the study. Since for most panellists this was their 
first experience on tasting panels and it was decided that the panellists should first get 
used to the process of tasting before being provided with too many samples in one 
session. Also despite the 10 °C difference in storage temperatures there was little 
difference in the yeast viability between the 4 and 14 °C stored bottle conditioned beer 
(Fig. 8.4) and therefore it was decided that this beer would not be added provided to the 
panellists due to the apparent similarities of the two temperatures.  
 
Statistically panellists could not determine a significant difference between both filtered 
and bottle conditioned stored beer at 4 and 14 °C. This will be due to the lowered 
temperatures not producing a negative trait in the beer. In all but nine cases throughout 
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the testing period, panellist used the “D” option stating that there was not a difference. 
Interestingly this research identified that one panellist consistently was able to pick a 
difference between the 4 and 14 °C bottle conditioned and filtered beers. After 11 weeks, 
statistically the panellist could tell a difference between the 4 and 24 °C filtered beer. 
However, two weeks later the group was unable to correctly identify a difference but 
another two weeks later again a statistical difference was determined again with 10 out of 
the 16 panellists choosing correctly. However, it took until week 13 until a statistical 
difference was determined with the bottle conditioned beers. A majority of panellist did 
determine a difference in the two stored beers at 11 weeks but this was not statistically 
significant. A statistical difference was determined between 4 and 34 °C filtered beer at 
five weeks of storage but this was not repeated again until week nine. From week five a 
majority of panellists were able to pick a difference between bottle-conditioned beer 
stored at 4 and 34 °C temperatures. However, these results were not found to be 
statistically significant until week 11 where nine of the 11 panellists correctly identified 
the different beer. Statistical difference was also determined between 24 and 34 °C at 16 
weeks (filtered beer) and at 11 weeks between the bottled conditioned beers stored at 24 
and 34 °C. However, this was not repeated after this period but interestingly the same 
seven panellists reported a difference between the two temperatures after this point.  
 
In most cases where differences in the bottle-conditioned beers were determined 
panellists reported changes in colour of the beer. For example at 16 weeks all 13 
panellists recorded that, at 34 °C beer was darker than the 4 °C beer. This is due to the 
autolysis of the yeast providing a very light and fine cloudiness to the beer. When 
compared to the 4 °C stored control beer the yeast in the glasses presented generally was 
clumpy and sat at the bottom of the glass. After storage at 37 °C for 16 weeks, the yeast 
was a fine mist like suspension within the glass and took some time to settle out. This also 
produced an increase of 3 EBC when compared to the 4 °C which the panellists easily 
picked up on. The flavour characteristic was also apparent with 80 % of these 13 
panellists recording that the beer was stale and as one panellist stated “life less”. This also 
coincides with a slight decrease in the isoamyl acetate and ethyl hexanoate content of 37 
°C treated beer, by the end of the testing period it was not significantly different (p = 
0.121) from the 4 °C treated beer. The slight loss of these two components can be directly 
linked to a loss in flavour and an increase in the stale, dull character recorded by the 
panellists when comparing the 37 °C to the 4 °C treated beer. Since the limit of detection 
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limit of these analyses was only 2.01 and 0.02 mg/L (isoamyl acetate and ethyl hexanoate 
respectively) it is likely that the perceived changes are smaller than what was analytically 
possible to detect (Meilgaard 1975, 1993). These two components provide the fruitiness 
of this bottle conditioned beer and losses of these compounds would lessen the flavour, 
making it perceive to have a greater dullness and staleness (Meilgaard 1975, 1993).  
Several panellists recorded that after nine weeks the beer had slight sulphur “rotten egg” 
smell to the beer that was stored at 24 and 34 °C after seven weeks, especially with the 34 
°C beer.  
 
Similar results were also reported for the 24 °C stored beer when compared to the 4 °C 
stored beer however, this was not as prominent until later in the experiment.  
However these sensory results to not match the changes in thiamine and riboflavin 
vitamer contents shown in Figure 8.5 and 8.6. It is likely that these changes are below the 
sensory threshold for thiamine and riboflavin and are easily masked by other faults being 
generated in the beer (staling).  
 
Table 8.3 shows a large variation between correct responses for the same treatments 
between various testing weeks. This variations and inconsistencies are likely because the 
panellists were not comprehensively trained. A fully trained panel may have been able to 
statistically detect a difference in the beers sooner than what may was reported in this 
research.  However, this research does indicate that the “average beer drinker” would 
struggle to detect a difference in high heat-treated beers (stored for short periods only). 
However, it is highly likely that regular consumers of this particular product will be able 
to detect differences in beer if it is stored incorrectly, as they become accustomed to a 
particular flavour.   
 
 
8.4. The Thiamine and Riboflavin Vitamer Content of Various Styles of 
Commercially Available Beer 
To date this research has investigated the various conditions that exist in making beer and 
as shown in this and previous chapters, many different processes/conditions and 
ingredients can influence the final vitamin content of a beer. The following section 
investigates the differences in thiamine and riboflavin vitamers in different styles of 
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beers. A vitamin survey of 204 commercially available beers, that were randomly chosen 
from the 2010 Australian International Beer Awards (AIBA), was conducted, which 
presented a wide variety of beers from over 20 international sources, and included both 
bottle and non-bottle conditioned beers. Due to the diversity of the beers entered in the 
AIBA (Australian International Beer Awards 2009), selection was based on approximate 
beer style only. Those beers that were entered into different sub-classes were grouped 
together into a single style, e.g. beers that belonged to different sub-classes of lagers were 
all grouped together as “LAGERS”. Based on the available numbers of beers entered into 
this competition, four styles were utilised: ales, lagers, stouts/porters and wheat beers. All 
beer samples were analysed for their vitamin content in duplicate and the average and 
standard deviations of each style were calculated.  
 
 
8.4.1. Thiamine vitamer content of finished beer 
The various styles of beer available provide an ample array of choices for a consumer. 
However different process conditions can impact on the final thiamine content and even 
yeast selection can make a difference. When comparing the four tested styles, lager styles 
of beer contain less thiamine vitamers than the other styles (Table 8.4)  
 
Table 8.4. Thiamine vitamer concentrations in various beer styles. 
Style TDP 
(μg/L) 
TDP 
Range 
(μg/L) 
TMP 
(μg/L) 
TMP 
Range 
(μg/L) 
Thiamine 
(μg/L) 
Thiamine 
Range 
(μg/L) 
Lager (n=74)
a
 11.9 
(8.0)
b
 
< 5 - 36 7.1 
(6.1) 
< 5 - 29 35.7 (50.3) < 2 - 249 
Ale (n=67) 20.1 
(13.4) 
< 5 - 55 20.7 
(25.5) 
< 5 - 
154 
88.3 (96.1) < 2 - 411 
Stout/Porter  
(n=31) 
34.1 
(30.1) 
< 5 - 
129 
21.9 
(23.5) 
< 5 - 
139 
104.4 
(85.5) 
< 2 - 310 
Wheat beer  
(n=32) 
15.4 
(12.6) 
< 5 - 55 11.7 
(6.8) 
< 5 - 30 130.7 
(98.3) 
< 2 - 433 
a
 Number of samples analysed 
b
 Standard deviation of the data 
 
 
These lager thiamine vitamer concentrations are statistically lower (p < 0.001) than that of 
the other styles. Further investigation (using Dunn’s All Pairwise Multiple Comparison 
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Method) found that the greatest significant differences among the beer styles were 
between lager and stout/porter; wheat and stout/porter; lager and ale; where in all 
instances in the second of each of the pairs, the mean results was significantly higher for 
the TDP data (p < 0.001). The TMP and thiamine data showed that all other styles (when 
compared to lagers) contained significantly (p < 0.001) higher levels of TMP and 
thiamine.  
 
These differences in styles can be attributed to the ingredients utilised in the production of 
these beers. As shown in Section 5.2, wheat naturally contains higher levels of thiamine 
than barley. Since wheat beers (to be able to be entered into the AIBA) must contain at 
least 30 % wheat in the extract (Brewers Association 2012), the increased thiamine level 
is expected in these beers, especially when most lagers are only made from one or two 
pale barley-based malts. Also beer styles such as stouts and porters will generally have a 
variety of different ingredients added to the extract depending on the recipe, meaning 
more potential sources of thiamine. However the more malt a brewer adds the greater the 
likelihood is that the final beer will contain more vitamins.  
 
One of the major differences between ales and lagers is whether the yeast is a top or 
bottom cropping yeast. As shown in Section 7.2 lower flocculating yeast have a slower 
uptake of thiamine. This would account for the higher thiamine vitamer content in ale 
styles of beer when compared to lagers. In addition, lager beers are generally highly 
processed and clarified to produce that clean crisp taste of a lager. As shown in Section 
8.2.1, the addition of downstream processes or processing aids can affect the vitamin 
content of a beer. These affects could be compounded when various treatments are 
combined and to gain a further insight these combinations of treatments need to be 
investigated. Also the yeast contact time in ales is higher than with lagers (Boulton et al., 
2001; Bamforth 2003; Vanderhaegan et al., 2006), as they are traditionally bottle 
conditioned, which can increase the thiamine vitamer content of the beer as the yeast dies 
off. It was noticed that a majority of the ale, stout/porter and wheat beers were in fact 
bottle–conditioned, which could easily account for the increased thiamine vitamer content 
of these beers. When the bottle conditioned beers were compared to that of filtered beers 
it was found that bottle conditioning had no significant effect on the TDP or TMP data (p 
= 0.439 and 0.060 respectively). The thiamine concentration in bottled conditioned beers 
was significantly higher (p = 0.013) with a median results of 63.27 μg/L compared to the 
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median of 28.76 μg/L for the filtered beers. This suggests that the longer yeast contact 
time associated with bottle conditioning could potentially result in an increase in the 
thiamine content of beer.  
 
Storage conditions of these beers would also greatly affect the final thiamine vitamer 
content, as shown in Figure 8.3. Upon arrival at the University of Ballarat all beers were 
immediately stored at 4 °C until analysis, but if the beers were heated during transit this 
may have contributed to the differences between styles. This would be similar to what 
consumers would experience, as they depend on the retailer providing the best conditions 
for storage of beers. 
 
In all cases a large standard deviation coupled with a broad date range was observed 
within each style. This indicates that despite the differences between the styles of beer, 
there are also vast differences between beers within a style. It can be concluded from this 
that different recipes, processes and storage can contribute to the various fluctuations 
within a style. Since all brewers will produce their beer in their own way there are bound 
to be vast differences within a style. Also combining the subclasses within each style may 
have contributed to these wide variations, as each subclass will have its own recipe.  
 
 
8.4.2. Riboflavin vitamer content of finished beer 
The riboflavin vitamer content of finished beer is very different to that of the thiamine 
content (Table 8.5).  
 
Table 8.5. Riboflavin vitamer concentrations of various beer styles. 
Style FMN (μg/L) FMN Range 
(μg/L) 
Riboflavin 
(μg/L) 
Riboflavin 
Range (μg/L) 
Lager (n=74)
a
 34.4 (28.7)
b
 < 5 - 142 307.0 (129.5) 73 - 737 
Ale (n=67) 37.0 (33.7) < 5 - 151 300.2 (127.4) 110 - 644 
Stout/Porter 
(n=31) 
45.4 (30.8) 5 -122 322.0 (134.3) 116 - 757 
Wheat beer 
(n=32) 
41.7 (30.3) < 5 - 136 326.9 (118.0) 109 - 615 
  a
 Number of samples analysed 
  b
 Standard deviation of the data 
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The mean concentration of FMN and riboflavin was not statistically different (p = 0.168 
and 0.608 respectively) across the four different beer styles. As reported in Section 7.2 
and by Graham et al., (1970), the riboflavin content of fermenting wort did not 
significantly change over the course of the fermentation suggesting that brewing yeast has 
either a limited ability or requirement to utilise externally supplied riboflavin.  
Despite these differences being insignificant, the concentration of riboflavin is higher in 
the wheat-based beers in comparison to the other styles. This is due to the combination of 
wheat and barley creating an accumulation effect and increasing the overall riboflavin 
content. In addition, ales contain the least amount of riboflavin of all of the styles; 
however, the lagers have the greatest tested range. Like the thiamine data, the riboflavin 
vitamer content in a particular style varies greatly and this reflects the different brewery 
operations utilised in modern day breweries.  
All beers were refrigerated upon arrival and they were shielded from direct light during 
production and analysis, where they were prepared under reduced light in amber vials. 
This was to minimise losses in vitamer content due to photodegradation, however these 
beers could have been exposed to light during transport degrading the overall riboflavin 
vitamer content. 
 
 
8.5. Conclusion 
It was found that the addition of various processing aids can negatively affect the vitamin 
and riboflavin vitamer content. Also storage conditions will affect the final vitamer 
content. The variations in thiamine and riboflavin vitamer content within and across 
various beer styles is a direct result of the variety of processing methods and techniques 
that brewers use. 
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Chapter 9 - The Influence of Thiamine and Riboflavin 
on Various Spoilage Microorganisms Commonly Found 
in Beer 
 
9.1. Introduction 
Beer is typically considered a safe product to consume since no known pathogens can 
survive in a typical full-strength beer (Menz et al., 2009). This appears to be due to a 
series of intrinsic antimicrobial factors such as the inclusion of hops, a relatively low pH, 
and elevated ethanol and carbon dioxide content (Menz et al., 2009). However, it is 
possible for spoilage bacteria such as Lactobacillus brevis, Pediococcus damnosus, 
Acetobacter aceti, Zymomonas mobilis, and wild yeasts (e.g. Brettanomcyes spp.) to 
easily spoil beer through compromised hygiene practices during the beer production 
process. These microorganisms may be non-pathogenic, but can be detrimental to some 
styles of beer. They will produce a range of unwanted flavours, aromas and in some 
instances turbidity including the major characteristics lactic acid (L. brevis, P. damnosus), 
vicinal diketones (diacetyl and 2,3- pentanedione; P. damnosus), acetaldehyde (Z. 
mobilis), acetic acid (Brettanomcyes spp, A. aceti), cresols, ethylphenols and eugenol 
(Brettanomyces spp). In some styles of beer, such as Lambic, gueuze, abbey style beers 
and sour ales, these same characteristics can be considered as desirable. In general, 
though, in most lager and ale styles of beer these characteristics would be considered a 
fault and would be rejected by the customer. This is why most brewers will have a strict 
cleaning regime, thereby maintaining the highest quality product. 
 
The influence of the presence of thiamine and riboflavin on the growth of potential 
spoilage organisms in beer is currently unknown. Since these vitamins are utilised in a 
number of metabolic processes, it is likely that their presence or absence may aid or 
hinder the growth of beer spoilage organisms. Spoilage organisms such as L. brevis, P. 
damnosus, Z. mobilis, A. aceti, Brettanomcyes lambicus and Brettanomyces bruxellensis 
have been noted to have thiamine and/or riboflavin requirements (Russell et al., 1954; 
Russell et al., 1955; Kandler et al., 1986; Sievers et al., 2005; Romano et al., 2008; 
Hammes et al., 2009; Holzapfel et al., 2009; Walsh 2009). These vitamin requirements 
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have not been reported in all strains (Burkholder et al., 1944) and the literature contains 
mixed information about this. It is however, likely that the presence or absence of these 
vitamins may enhance or inhibit the growth and/or the metabolism of these organisms 
depending on their requirements. This chapter will investigate the thiamine and riboflavin 
requirements of a variety of known spoilage organisms and determine whether the in the 
presence these vitamins aids in spoilage.    
 
 
9.2. Thiamine and Riboflavin Requirements of Various Beer Spoilage 
Organisms 
A variety of beer spoilage organisms (L. brevis, P. damnosus, Z. mobilis, A. aceti, B. 
lambicus and B. bruxellensis) were evaluated for their thiamine and riboflavin 
requirements. These organisms were obtained from a variety of sources (Section 3.10) 
and were grown in test tubes containing a chemically defined media (no added vitamins) 
(Section 3.10.7). To test whether the addition of vitamins improved spoilage, thiamine 
and riboflavin were added (50 μg/L) individually into separate sets of tubes. During this 
experiment thiamine and riboflavin were chosen to be added to the media as other 
vitamers are harder to handle and more expensive to add into the media. Also all other 
vitamins (e.g. folic acid, pantothenic acid, pyridoxine) were added in the base media to 
not create a deficiency from any other vitamin. 50 μg/L additions of both thiamine and 
riboflavin were added, as this resembled a low vitamin beer as determined from Section 
8.4. If these cultures’ performance is improved when only a small amount of one or both 
of these vitamins are added then the risk of spoilage in a real beer will be far greater.  
All cultures were inoculated (10
3
 cell/ml), and incubated at 24°C for five days. All tubes 
were monitored for an increase in growth (increased turbidity) and a simple hedonic scale 
(“–“ no growth; “+” minor growth; “++” medium growth; “+++” heavy growth) was used 
to measure any increase in turbidity (Table 9.1). It must be noted that 3 % v/v ethanol was 
added to the A. aceti cultures to enable growth.  
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Table 9.1. Thiamine and riboflavin requirements of various beer spoilage organisms. 
“–“ no growth; “+” minor growth; “++” medium growth; “+++” heavy growth.  
 
Culture 
No. 
 
Spoilage organism 
Added vitamins 
None Thiamine 
only  
(50 μg/L) 
Riboflavin 
only 
(50 μg/L) 
Thiamine and 
Riboflavin 
(50 μg/L of each) 
1 Lactobacillus brevis + ++ + ++ 
2 Pediococcus damnosus + ++ + ++ 
3 Zymomonas mobilis + ++ + ++ 
4 Acetobacter aceti
a 
+ ++ ++ ++ 
5 Brettanomyces lambicus ++ +++ +++ +++ 
6 Brettanomyces 
bruxellensis 
++ +++ +++ +++ 
a
 2 % v/v ethanol added to media to improve growth 
 
 
An increase in turbidity was observed in all tubes for all treatments, including the non-
vitamin control tubes (Table 9.1). This indicates the presence of thiamine or riboflavin is 
not an essential requirement for growth of these organisms, or at least the strains used in 
this study. However, the addition of thiamine (50 μg/L) enhanced the growth of all beer 
spoilage microorganisms investigated here. The addition of riboflavin (50 μ/L) did not 
influence the growth of L. brevis, P. damnosus, or Z. mobilis; however, A. aceti, B. 
lambicus and B. bruxellensis did benefit from the sole addition of riboflavin (Table 9.1). 
The combined addition of thiamine and riboflavin never produced an improved growth 
outcome beyond the most beneficial sole-vitamin. 
 
 Despite no microbial culture having an absolute requirement for either vitamin it is 
apparent that the addition of particular vitamins can have a positive influence on the 
growth of the cultures. The addition of thiamine to L. brevis, P. damnosus, and Z. mobilis 
aided an increase in growth suggesting that beer with a higher level of this vitamer could 
support growth and increase the level of spoilage. Similarly, an increase in riboflavin may 
increase the risk of spoilage in beer from aerobic bacteria such as A. aceti. 
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9.3. Effect of Thiamine and Riboflavin on the Ability of a Variety of 
Spoilage Organisms to Grow and Spoil Beer in the Presence of Hops and 
Ethanol 
Section 9.2 reported that despite the tested cultures not having an absolute requirement 
for either thiamine or riboflavin, their addition enhanced the overall growth. To determine 
whether this stimulatory effect is possible in a beer, ethanol (3% v/v) and iso-α-acids (750 
mg/L equiv. 15 IBU) were added to the minimal media used in Section 9.2. Thiamine and 
riboflavin (50 μg/L) were also added to the media and the cultures (inoculated at 103 
cfu/ml) were incubated at 24 °C for one month. As explained in Section 9.2, the addition 
of the low thiamine and riboflavin concentrations will represent a low vitamin beer, and 
any effects observed in this experiment will be enhanced in a real beer situation. This 
model beer solution was used over a normal beer sample as it was not possible to obtain 
or create a vitamin free beer. This medium allowed for full control over the total added 
thiamine and riboflavin content throughout this experiment 
To determine whether the addition of thiamine or riboflavin could aid growth under these 
conditions the same hedonic scale that was used in Table 9.1 was utilised. Also the media 
was assessed for changes in chemical indicators of spoilage e.g. lactic acid (L. brevis and 
P. damnosus), vicinal diketones (diacetyl and 2,3- pentanedione - P. damnosus), 
acetaldehyde (Z. mobilis), acetic acid (A. aceti, B. lambicus and L. bruxellensis), and an 
increase in turbidity. All results were compared to the treatment where both vitamins 
were excluded and the percentage difference was calculated to determine whether the 
addition of thiamine, riboflavin or a combination of both could enhance the overall 
spoilage of a particular organism (Table 9.2 – 9.4). 
 
Using the major descriptors of spoilage lactic acid, vicinal diketones, acetaldehyde and 
acetic acid for the various tested organisms, the effect of thiamine and riboflavin on 
enhancing these descriptors was investigated.  
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Table 9.2. Effect of hop and ethanol stresses on a spoilage potential of L. brevis and P. 
damnosus.  
The percentage change (∆%) determined by comparing the vitamin treatment to the 
control treatment where all vitamins were absent. All data is calculated from an average 
of quadruplicate flasks analysed that has been analysed in duplicate (n = 8).  
 
Treatment 
L. brevis P. damnosus 
Growth 
Lactic 
acid 
(mg/L) 
∆ % Growth 
Lactic 
acid 
(mg/L) 
∆ % Diacetyl 
(μg/L) 
∆ % 
2,3-
pentanedione 
(μg/L) 
∆ % 
Non Stressed 
Control 
+
a 
108.0 
(6.4)
b 
 
+ 112.9 
(4.2) 
 
40.7 (9.8) 
 
11.0 (2.2) 
 Non Stressed 
Control + B1 
++ 216.0 
(2.1) 100.0 
++ 141.5 
(3.4) 25.3 82.4 (9.8) 102.4 13.1 (1.3) 19.4 
Non Stressed 
Control + B2 
+ 137.4 
(4.9) 27.2 
+ 129.7 
(3.7) 14.8 43.3 (3.4) 6.3 14.2 (3.3) 30.1 
Non Stressed 
Control + B1 
& B2 
++ 
222.6 
(3.4) 106.0 
++ 
131.4 
(5.5) 16.4 91.0 (7.7) 123.5 13.2 (7.6) 20.7 
Hops @ 15 
IBU Growth 
Lactic 
acid 
(mg/L) 
∆ % Growth 
Lactic 
acid 
(mg/L) 
∆ % Diacetyl 
(μg/L) 
∆ % 
2,3-
pentanedione 
(μg/L) 
∆ % 
Hop (control) -
c 
50.1 
(1.4) 
 
+ 29.9 
(4.7) 
 
143.4 
(4.9) 
 
8.1 (7.1) 
 Hops + B1 
+ 
55.2 
(1.3) 10.1 + 
38.0 
(5.2) 27.0 
180.6 
(9.9) 25.9 11.4 (6.4) 40.0 
Hops + B2 
+ 
54.2 
(6.7) 8.2 + 
36.6 
(7.1) 22.3 
181.8 
(3.8) 26.8 11.4 (3.9) 40.2 
Hops + B1 & 
B2 + 
55.7 
(5.9) 11.2 + 
38.6 
(6.1) 29.1 
195.5 
(5.4) 36.3 17.3 (8.9) 113.6 
Ethanol @ 
3% abv Growth 
Lactic 
acid 
(mg/L) 
∆ % Growth 
Lactic 
acid 
(mg/L) 
∆ % Diacetyl 
(μg/L) 
∆ % 
2,3-
pentanedione 
(μg/L) 
∆ % 
Ethanol 
(control) 
+ 43.2 
(7.8) 
 
+ 20.2 
(6.1) 
 
32.3 (8.4) 
 
9.3 (2.7) 
 Ethanol + B1 ++ 53.7 
(7.7) 24.3 
++ 26.7 
(4.4) 32.1 53.0 (6.5) 64.1 12.6 (1.6) 34.7 
Ethanol + B2 ++ 53.2 
(9.3) 23.1 
++ 21.6 
(7.7) 6.9 42.6 (6.3) 31.8 13.8 (8.6) 47.3 
Ethanol + B1 
& B2 
++ 55.3 
(8.2) 28.1 
++ 26.1 
(5.8) 29.2 48.5 (8.4) 50.1 10.2 (5.2) 9.5 
a
 Growth was determined on the following hedonic scale “-“ no growth; “+” minor growth; “++” medium 
growth; “+++” heavy growth  
b
 Standard deviation of the data  
c 
visually no growth present 
 
 
 The exposure to hops and ethanol caused no major change in the growth intensity of L. 
brevis, however it caused a decrease in lactic acid production by 50 and 60% respectively 
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(Table 9.2). The addition of thiamine and riboflavin vitamers to either a non-stressed or 
stressed L. brevis culture resulted in overall increases in lactic acid production. Thiamine 
alone provided a greater increase than the sole addition of riboflavin.  
These results are similar to the findings of Walker (1959), who found that thiamine and 
manganese are required by L. brevis to effectively convert pyruvate to lactic acid and 
ethanol.  
 
The exposure of P. damnosus to hops caused a reduction of lactic acid productivity by 
approximately 75%; while exposure to ethanol caused a decrease in lactic acid by about 
82% (Table 9.2). Furthermore, exposure to hops caused an increase in diacetyl 
productivity by 350%; while 2,3-pentadione productivity was reduced by about 25%. 
Exposure to ethanol caused a reduction of 20% in both diacetyl and 2,3-pentadione.  This 
decrease in lactic acid production can be linked to a decrease in metabolism as the 
stresses such as hop and ethanol are inhibitory to lactic acid bacteria (Bhandari et al., 
1954; Simpson et al., 1992; Fernandez et al., 1993; Simpson et al., 1994; Fernandez et 
al., 1995; Booysen et al., 2002; Asano et al., 2007; Asano et al., 2009; Menz et al., 2010). 
 
The addition of thiamine to non-stressed P. damnosus resulted in a doubling of diacetyl 
productivity; while riboflavin addition induced very little change in diacetyl productivity. 
The combined addition of thiamine and riboflavin to non-stressed P. damnosus reiterates 
the observations that thiamine has the greatest influence on diacetyl productivity (Table 
9.2). The sole addition of thiamine and riboflavin enhanced the production of both lactic 
acid and 2,3-pentadione to non-stressed P. damnosus, however, there was no marked 
distinction between the influence of thiamine or riboflavin – neither did the combined 
addition of thiamine and riboflavin impose a greater productivity of either lactic acid or 
2,3-pentadione. 
 
The sole and combined addition of thiamine and riboflavin to hops stressed P. damnosus 
enhanced the production of lactic acid by 22 – 29% (Table 9.2). This marked increase did 
by no means offset the large decrease in lactic acid production due to the exposure to 
hops. While the exposure of P. damnosus to hops caused a marked increase in diacetyl 
productivity, this increase in diacetyl biosynthesis was further enhanced by the addition of 
thiamine and riboflavin. The combined addition of these two vitamins caused a further 
synergistic increase in diacetyl productivity. The exposure to hops caused a decrease in 
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2,3-pentadione production; while the addition of thiamine and riboflavin to hops stressed 
P. damnosus induced an increase in 2,3-pentadione production to roughly the non-
stressed level. The combined addition of thiamine and riboflavin had an additive 
stimulatory effect with regards to 2,3-pentadione biosynthesis (Table 9.2).    
The fact that the addition of these vitamins increased the lactic acid concentration of the 
media suggests that they can aid in increasing the risk of spoilage in a beer.  
 
 
Table 9.3. Effect of hop and ethanol stresses on a spoilage potential of Z. mobilis and A. 
aceti.  
The percentage change (∆%) determined by comparing the vitamin treatment to the 
control treatment where all vitamins were absent. All data is calculated from an average 
of quadruplicate flasks analysed that has been analysed in duplicate (n = 8).  
  
 Treatment 
Z. mobilis A. aceti 
Growth 
Acetaldehyde 
(mg/L) 
∆ % Growth 
Acetic acid 
(g/L) 
∆ % 
Non Stressed Control +
a 
10.7 (0.5)
b 
 
++ 1.6 (5.7) 
 Non Stressed Control + B1 ++ 21.4 (1.1) 100.0 ++ 1.6 (3.4) 1.5 
Non Stressed Control + B2 + 13.2 (3.2) 23.6 ++ 1.7 (5.4) 6.1 
Non Stressed Control + B1 
& B2 
++ 
21.6 (0.3) 101.8 
++ 
1.7 (6.2) 5.3 
Hops @ 15 IBU Growth 
Acetaldehyde 
(mg/L) 
∆ % Growth 
Acetic acid 
(g/L) 
∆ % 
Hop (control) ++ 9.9 (0.9) 
 
++ 1.2 (6.9) 
 Hops + B1 ++ 18.5 (5.1) 86.8 ++ 1.2 (3.4) 2.5 
Hops + B2 ++ 10.5 (0.6) 4.1 ++ 1.3 (5.1) 7.2 
Hops + B1 & B2 ++ 18.1 (2.6) 82.8 ++ 1.3 (6.2) 6.9 
Ethanol @ 3% abv Growth 
Acetaldehyde 
(mg/L) 
∆ % Growth 
Acetic acid 
(g/L) 
∆ % 
Ethanol (control) + 7.8 (6.1) 
 
+++ 17.5 (2.2) 
 Ethanol + B1 ++ 9.5 (2.6) 21.3 +++ 18.3 (3.2) 4.5 
Ethanol + B2 ++ 8.1 (1.7) 3.8 +++ 19.7 (2.5) 12.8 
Ethanol + B1 & B2 ++ 10.3 (3.4) 31.7 +++ 19.4 (5.2) 11.1 
a
 Growth was determined on the following hedonic scale “-“ no growth; “+” minor growth; “++” medium 
growth; “+++” heavy growth  
b
 Standard deviation of the data  
 
 
The exposure of Z. mobilis to hops or ethanol caused a decrease in acetaldehyde 
production by 11 and 22% respectively. Z. mobilis utilises the Entner-Doudoroff pathway 
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to produce energy (Entner et al., 1952; Dawes et al., 1966b; Bringer-Meyer et al., 1986; 
Diefenbach et al., 1991) and thus relies on an active pyruvate decarboxylase. This 
enzyme requires thiamine diphosphate to be present to function correctly (Bringer-Meyer 
et al., 1986; Diefenbach et al., 1991) and therefore in the absence of this cofactor, 
metabolism of acetaldehyde and subsequently ethanol production, could be hindered or 
stopped. Table 9.3 shows this effect exactly with the addition of thiamine to non-stressed 
Z. mobilis in causing an increase in acetaldehyde productivity by 100%. However the 
addition of riboflavin caused a much smaller increase in acetaldehyde production (23%); 
while the combined addition of thiamine and riboflavin did not increase acetaldehyde 
productivity beyond the sole influence of thiamine (Table 9.3). 
 
The addition of hops to the media resulted in a 7.4 % decrease in acetaldehyde production 
when compared to the non-stressed control. The increase in acetaldehyde in the presence 
of thiamine indicates that this vitamer can aid in supporting growth and allowing spoilage 
whilst under stressed conditions. Ethanol had a negative effect (27 %) on the 
acetaldehyde production which has been previously reported (Swings et al., 1977; Stanley 
et al., 1997) however the addition of thiamine appeared to enhance the overall production 
of acetaldehyde indicating a requirement for this vitamer. Riboflavin had little effect on 
the acetaldehyde production in hop and ethanol stressed conditions (4.1 and 3.8 % 
respectively), which is expected due to the lack of involvement of this vitamin within 
acetaldehyde production. Some strains have been reported to have a requirement for 
riboflavin (Swings et al., 1977) but this strain does not.  
 
The exposure of A. aceti to hops caused a decrease in acetic acid production by 25%; 
while the exposure to a higher level of ethanol caused an increase in growth, and a ten-
fold increase in acetic acid production (Table 9.3). The increase in growth and acetic acid 
production is very likely due to the fact that ethanol is the preferred growth substrate and 
main metabolic by-product for A. aceti (Rainbow et al., 1953; Rao et al., 1953; 
Bartowsky et al., 2003). While the addition of thiamine to either hops or ethanol exposed 
A. aceti induces a small increase in acetic acid productivity; the addition of riboflavin to 
the A. aceti cultures provided a slightly greater improvement in acetic acid production. In 
all treatments 3 % v/v ethanol was added to all cultures to allow for growth. Therefore, 
the ethanol stressed treatments had a further 3 % v/v ethanol applied to stress the cultures 
in a similar fashion to the other cultures. This increase in acetic acid in the ethanol 
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stressed cultures is most likely due to this increase in available substrate, as the other 
treatments recorded similar concentrations, and the fact that all ethanol treatments 
recorded an increase of almost two times that of the hop and non-stressed treatments. So 
despite the presence of the different applied stresses, the overall effect of the addition of 
thiamine and riboflavin is similar for A. aceti. The increase in the growth of the ethanol 
stressed cultures when compared to the other treatments, reiterates that this is most likely 
due to the increased availability of the substrate. 
 
The exposure of Brettanomyces cultures to hops and ethanol did not impose a noticeable 
effect with regard to growth; however, the exposure caused a decrease in acetic acid 
production by 5-10% and 20-30% respectively.  The addition of thiamine to a non-
stressed culture of B. lambicus caused a 45% increase in acetic acid; however, the 
addition of riboflavin or in combination with thiamine induced only yielded half of the 
gain of the sole addition of thiamine (Table 9.4). The addition of thiamine to a non-
stressed culture of B. bruxellensis caused a > 75 % increase in acetic acid production, 
which could also be obtained when thiamine and riboflavin were both present in the 
broth. However, the sole addition of riboflavin would only increase acetic acid production 
by 10%. 
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Table 9.4. Effect of hop and ethanol stresses on a spoilage potential of B. lambicus and B. 
bruxellensis.  
The percentage change (∆%) determined by comparing the vitamin treatment to the 
control treatment where all vitamins were absent. All data is calculated from an average 
of quadruplicate flasks analysed that has been analysed in duplicate (n = 8).  
  
 Treatment 
B. lambicus B. bruxellensis 
Growth Acetic acid 
(mg/L) ∆ % 
Growth Acetic acid 
(mg/L) ∆ % 
Non Stressed 
Control 
++
a 
590.1 (6.1)
b 
 
++ 
451.4 (2.3) 
 Non Stressed 
Control + B1 
+++ 
847.2 (9.8) 43.57% 
+++ 
804.2 (5.8) 78.2% 
Non Stressed 
Control + B2 
+++ 
706.1 (2.3) 19.66% 
+++ 
504.4 (1.9) 11.7% 
Non Stressed 
Control + B1 & B2 
+++ 
724.3 (2.6) 22.74% 
+++ 
787.3 (9.2) 74.4% 
Hops @ 15 IBU Growth Acetic acid 
(mg/L) ∆ % 
Growth Acetic acid 
(mg/L) ∆ % 
Hop (control) ++ 561.0 (3.3) 
 
++ 413.1 (5.9) 
 Hops + B1 +++ 845.0 (8.3) 50.6% +++ 751.3 (4.2) 81.9% 
Hops + B2 +++ 762.4 (8.5) 35.9% +++ 423.0 (5.6) 2.4% 
Hops + B1 & B2 +++ 882.3 (2.7) 57.3% +++ 688.4 (6.9) 66.6% 
Ethanol @ 3% 
abv 
Growth Acetic acid 
(mg/L) ∆ % 
Growth Acetic acid 
(mg/L) ∆ % 
Ethanol (control) ++ 409.1 (1.7) 
 
++ 376.7 (8.1) 
 Ethanol + B1 +++ 603.4 (5.6) 47.5% +++ 438.3 (7.4) 16.4% 
Ethanol + B2 +++ 629.3 (3.4) 53.8% +++ 467.4 (9.9) 24.1% 
Ethanol + B1 & B2 +++ 600.1 (9.5) 46.7% +++ 443.2 (1.1) 17.7% 
a
 Growth was determined on the following hedonic scale “-“ no growth; “+” minor growth; “++” medium 
growth; “+++” heavy growth  
b
 Standard deviation of the data  
 
 
 
9.4. Conclusion 
The presence of either thiamine or riboflavin is capable of enhancing the spoilage 
potential of all spoilage microorganisms investigated here. In many instances, this was 
regardless of the presence of hops or ethanol. Very noticeable, the presence of thiamine 
has the ability to markedly enhance the productivity of: lactic acid in ethanol-exposed L. 
brevis and P. damnosus; diacetyl in hops and ethanol exposed P. damnosus; acetaldehyde 
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in hops and ethanol exposed Z. mobilis; and acetic acid in hops and ethanol exposed 
Brettanomyces spp. While the addition of riboflavin always enhanced the spoilage 
potential of all microorganisms investigated here; the most noticeable enhancement by 
riboflavin was observed in hops and ethanol exposed P. damnosus with regards to 2,3-
pentadione production, and ethanol exposed Brettanomyces spp.  
While this study did not investigate the influence of thiamine and riboflavin in actual 
beer; it does show that the thiamine and riboflavin present in beer has the potential to 
provide many spoilage micro-organisms with spoilage-stimulants that are intrinsic to beer 
itself. 
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Chapter 10 - Overall Discussion, Conclusions and 
Recommendations 
 
10.1. Overall Discussion 
One of the aims of this research was to produce a method for the analysis of a variety of 
thiamine and riboflavin vitamers. This was achieved by producing a highly reproducible 
and accurate method for the speciation and quantitative determination of three thiamine 
vitamers (TDP, TMP and thiamine) and two riboflavin vitamers (FMN and riboflavin). It 
has then been applied across a range of brewing related sample matrices with a high 
reproducibility allowing for the accurate quantification of the target vitamers in liquid, 
solid and high antioxidant (hops) sample types. This method has benefits over other 
published methods (Ayi et al., 1985; Ndaw et al., 2000; Vinas et al., 2003; 
Chatzimichalakis et al., 2004; Vinas et al., 2004; San Jose Rodriguez et al., 2012) due to 
its low cost and easy sample preparation steps. The use of clean-up steps such as solid 
phase extraction could have been used for these analyses but was found to be unnecessary 
and potentially highly costly for high throughput application. The analytical method 
developed here employed a methanol-based mobile phase gradient, which could also be 
interchangeable with acetonitrile mobile phases. However, the high cost and toxic nature 
of acetonitrile is not favourable when compared to the high purity methanol used in this 
study. To further decrease the overall operating cost of this analysis it would be 
recommended that a multichannel fluorescence detector is used or the method is 
translated across to ultra-high performance liquid chromatography. Since the mobile 
phase gradient is identical for the thiamine and riboflavin vitamers, the use of a 
multichannel fluorescence detector will lower mobile phase consumption and may allow 
for the simultaneous quantification of all thiamine and riboflavin vitamers. The adaptation 
of the method on to an ultra-high performance liquid chromatography (UPLC) system 
would improve resolution. Also further research could be conducted into using mass 
spectrograph friendly mobile phase constituents (no phosphate buffer) to allow for further 
mass quantification of the vitamers, and possibly their degradation products. This was not 
explored in this research due to the capital cost in setting up these types of systems but it 
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would be advantageous for high throughput and further exploratory sample analysis. In 
saying this, the method described in this research was highly effective for the research 
presented and could be utilised for a variety of sample matrices found within the food 
industry. 
 
This research has reported large variations in the thiamine and riboflavin content of 
finished beer. Through a comprehensive survey of 204 commercially available beers it 
was found that large variations exist within a particular beer style and they differ greatly 
across beer styles. Lager beers were found to contain lower thiamine levels than any other 
style, while wheat beers contained the highest levels of this vitamer. Interestingly the 
level of riboflavin was statistically similar across the four tested styles of beer. This is 
purely because this vitamer is not utilised by the yeast during fermentation and therefore 
any riboflavin extracted during wort production is not removed from solution. However 
despite there being no statistical difference between the riboflavin content of the various 
styles of beer, large variations within each style were found. These variations of thiamine 
and riboflavin vitamers are linked to the formulation of the beer. Each of these styles has 
different base recipes and the changes in malt characteristics are likely to affect the final 
vitamin content. It was revealed that there are significant differences in the thiamine and 
riboflavin content within a wide range of malt and cereal products. Darker malts were 
found to have lower vitamer content than their unroasted counterparts, while cereals such 
as wheat contained the highest thiamine and riboflavin vitamer content of all of the tested 
cereals. Seasonal conditions are also likely to influence the final vitamer content of the 
malt as changes in soil composition, weather and rainfall can have various effects on the 
growth of the plant (Davis et al., 1943; Voss et al., 1978; Agu et al., 1998; Briggs 1998; 
Malleshi et al., 1998; Kahn 1999; Agu 2003). This is likely to lead to variations in the 
final vitamer content of a cereal.  
 
The malting process has no effect on the overall riboflavin content however both steeping 
and kilning processes cause increases in the overall thiamine vitamers. This can be 
directly linked to the metabolic activity of the germinating grains. When malted barley is 
roasted it causes a significant destruction of both the thiamine and riboflavin 
concentrations. This explains why roasted products have markedly lower thiamine and 
riboflavin vitamer content than paler malts. However, the survey of the various malts 
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reported variations within a type of malt and as stated earlier may be due to 
environmental factors or as a direct result of the malting process.  It is likely that these 
differences in malt vitamer content are directly responsible for the variations both across 
and within styles of beer. As beer becomes more complex with more ingredients being 
added, the vitamin content in the final beer will be higher. Generally, beers such as lagers 
will predominantly contain pale malt (or lager malt) and maybe a small amount of lightly 
caramelised or light crystal malt, whereas darker beers contain multiple malts to create a 
particular flavour and aroma profile. The addition of various cereals, as found in wheat 
beers, will also alter the final vitamer content as this research shown variations in cereal 
types. This information will allow a brewer to actively select malt types not only to 
provide the desired flavour and aroma profile but also to provide ample nutrients to the 
yeast culture.  
 
Wort production contains a variety of processes that have been shown in this research to 
dramatically affect the final thiamine and riboflavin vitamer content. As mashing releases 
valuable starch into the liquor, both thiamine and riboflavin are also extracted. This is the 
greatest at 65 °C and is indirectly due to the α-amylase activity. As the starches are 
broken down during mashing these vitamers are gradually released into the mash liquor. 
At lower temperatures, the rate of release was found to be lower and at higher 
temperatures (72 °C), the rate of release was also lower, suggesting an indirect release by 
the α-amylase enzyme. It was also found that the initial solubilisation increased as the 
temperature increased. The boiling and trub removal (whirlpool) processes produced 
losses in both vitamins due to the high temperatures exhibited during these stages. 
 
The brewing process described in this research is one of many that brewers can use. This 
wort production will greatly differ between breweries as different equipment is used and 
wort extract efficiencies are increased. Variations in processes are likely to result in 
various changes to the vitamin content and this will create the variations observed in a 
particular style. This research also only utilised single malt additions and as stated earlier 
multiple malts/cereals in the mash would change the vitamin profile. The addition of hops 
may increase the final vitamer content as they were found in the pellets but could not be 
detected when added to boiling water. However, beers with higher bitterness may produce 
higher vitamin content wort. The use of carbon dioxide extracted extracts will provide no 
thiamine or riboflavin to the final product as the iso-α-acids and hop oils are the only 
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components extracted during the production of these products. It was also found that 
addition of carrageenan as a kettle adjunct affected the final vitamer content and this is 
due to the non-specific ionic binding ability of this compound (Dalgleish et al., 1988; 
Bourriot et al., 1999; Langendorff et al., 2000; Spagnuolo et al., 2005; Alexander et al., 
2007). 
 
If a brewer wanted to make lower riboflavin wort, low riboflavin containing malt or 
longer boiling times would aid in achieving this. This would minimise the rise of MBT 
formation in the final product increasing the stability.  
 
The fermentation of wort can have a significant effect on the thiamine content of the final 
product. Three of the four yeast strains utilised > 98 % of the thiamine within the first six 
hours of fermentation, while the fourth yeast had a slower utilisation of thiamine. These 
variations in yeast indicate that the final thiamine content of a beer is greatly affected by 
the yeast utilised during fermentation. This also is the major reason why the thiamine 
content of the final product is lower than the riboflavin content. These experiments 
determined that riboflavin is not utilised during the fermentation process. This lack of 
utilisation even under aerobic conditions suggests that brewer’s yeast has little 
requirement for this vitamin. However, no riboflavin was released into the wort during 
fermentation suggesting that any riboflavin produced is quickly utilised within the cell. 
This indicates to brewers that if MBT formation is likely then either low riboflavin 
ingredients need to be sourced or riboflavin deficient yeast is used. This would help 
remove this vitamer from solution and therefore enhance the stability of the final product. 
 
With many brewers moving to high gravity wort, it is important that enough thiamine is 
made available to the yeast, as an increase in thiamine in wort that have a lowered 
thiamine content will increase yeast viability. This will allow for yeast management, 
yielding better recycling of yeast and fermentation consistency between batches. 
However, the commercial addition of thiamine to wort is not cost effective and a better 
solution would be to utilise higher thiamine containing malt. Depending on the thiamine 
requirements of the yeast, high residual thiamine concentrations may lead to increases in 
“yeasty” flavour. However as previous researchers have found (Price et al., 1979; Price 
1981, 1983; Stacey et al., 2003), to affect the flavour of a beer the thiamine concentration 
would have to be over 270 mg/L which is well outside the ranges utilised in this research. 
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Excessive addition may also lead to sulphur compound formation if the beer is accidently 
heat treated (i.e. in the boot of a car on a hot summer day) (Beadle et al., 1943; Bendix et 
al., 1951; Arnold et al., 1971).  
 
Depending on the intended style, a beer will be treated using various processes including, 
filtration, pasteurisation and the addition of various processing aids. This research found 
that various processes such as pasteurisation and the addition of isinglass, tannic acid and 
potassium metabisulphite could have a negative impact on the overall thiamine content of 
a beer. While most treatments affected the FMN content, riboflavin was only greatly 
reduced through the addition of tannic acid. Processes such as filtration and refrigeration 
had little effect on the overall thiamine and riboflavin vitamer content.  
 
Due to allergen sensitivities, the addition of brewing aids is generally kept to a minimum 
and in the case of metabisulphite addition, are heavily regulated in various countries 
including Australia (25 mg/kg) (Food Standard Australia New Zealand 2012). However 
to create the clean, crisp appearance of lager styles of beers, brewers will employ a 
variety of processes to achieve this. These various additions/processes will also contribute 
to the overall lowered vitamin content of this style when compared to other tested beer 
styles.  Since ales are typically cloudy beers, the presence of yeast due to the lack of 
processing in the bottle results in higher final thiamine content than that of filtered and 
highly processed counterparts. However, unlike filtered and clarified beers (lagers), 
storage conditions of bottle-conditioned beers are critical. As the storage temperature is 
increased (e.g. stored at 37 °C) the thiamine release from the yeast is increased. To 
consumers this release could increase the yeasty and sulphury characteristics of the beer 
but as reported by Price (1981) significantly higher levels of thiamine is required for a 
typical panellist to be able to determine a difference in presented beer. However the 
increase in sulphury aspects of a beer may coincide with losses of thiamine as it is being 
broken down. Since the exact storage conditions of the beer (reported in the survey) prior 
to being received at the University were not known, it is likely that observed differences 
in thiamine may be due to the storage of the bottle-conditioned beers as it is released from 
the yeast cell. 
 
The presence of thiamine and riboflavin can increase the risk of spoilage in a beer. The 
anaerobic organisms (L. brevis, P. damnosus, Z. mobilis, Brettanomyces spp.) performed 
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better in the presence of thiamine, while the aerobic culture of A. aceti performed better in 
the presence of riboflavin when compared to thiamine. These results are expected due to 
the different mechanism of energy production within the two types of cultures. This 
suggests that higher vitamin concentrations of either wort or finished products can 
enhance the spoilage of a beer. To limit this spoilage potential these vitamins should be 
removed or reduced as much as possible. However as shown in the rest of this research 
this is not possible during typical beer production processes. 
 
Knowing that riboflavin is heavily linked to ‘light-strike’ characteristics it would be 
advisable for brewers to search for methods to actively remove this vitamin. This may be 
achieved through riboflavin deficient yeast strains or though using malt with a lowered 
riboflavin presence. However, the thiamine content should still be maximised for the 
fermentation to aid in yeast viability. Due to the chemical nature of both vitamins, it is 
highly likely that the absolute removal of one vitamin may affect the presence of the 
other. In addition, complete removal of these vitamins may also remove wanted 
components such as amino acids and proteins that are involved in head stability and other 
characteristics of the final product (flavours and aromas). 
 
This research has reported that the various processing conditions involved in beer 
production can have a significant effect on the thiamine vitamer content of the final 
product while riboflavin remains relatively untouched. This suggests that despite the 
recipe, whether the final product is a light or dark coloured beer the riboflavin will not be 
greatly affected and the raw materials used (malts) will be the controlling factor in the 
introduction of riboflavin to the process. 
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10.2. Conclusions 
1. This research produced a highly accurate, simple and efficient method for the 
analysis for TDP, TMP, thiamine, FMN and riboflavin in a variety of beer related 
matrices.  
2. Lager beers contain the least amount of thiamine out of all tested styles. 
3. Bottle conditioned beers contain higher thiamine content than their 
clarified/filtered counterparts. 
4. The difference in riboflavin content is statistically insignificant across four major 
styles of beer being lager, ale, stout and wheat. 
5. Malted cereals used in brewing have varying vitamin content that can affect the 
final content of the beer. 
6. Malting has a positive effect on the vitamin content while roasting has a negative 
effect on the vitamin content. 
7. Mashing increases the vitamin content of the wort but boiling lowers it during 
wort production. 
8. The addition of kettle additives such as carrageenan lower the thiamine and 
riboflavin vitamer content from the finished wort 
9. During fermentation yeast only utilise the thiamine content of wort while 
riboflavin remains untouched. 
10. The presence of thiamine, especially under osmotic stress can improve the 
viability of fermenting yeast. 
11. The addition of various processing aids (such as tannic acid and potassium 
metabisulphite can decrease the vitamin content of a beer. 
12. Post fermentative processes such as filtration and refrigeration do not have an 
impact on the final thiamine and riboflavin vitamer content. 
13. At higher storage temperatures, the thiamine and riboflavin vitamer content of 
filtered beer does not change greatly but as the yeast in bottle-conditioned beer 
dies it greatly alters the vitamin content.  
14. The incorrect storage temperature of bottle-conditioned beer can lead to an 
increase in stale characteristic and decrease the overall organoleptic appeal of the 
beer. 
15. The presence of both thiamine and riboflavin can enhance the bacterial spoilage 
potential of beer. 
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10.3. Recommendations 
1. Adaption of the HPLC method developed here to UHPLC systems to increase 
throughput and decrease running costs. 
2. Use of a dual channelled fluorescence detector will increase the running potential 
of a standard HPLC system by the ability to simultaneously detect all thiamine 
and riboflavin vitamers. 
3. A more in depth investigation into the plethora of different styles and sub-
categories of beers, and their associated raw materials and production methods 
could be performed to account for the variations in thiamine and riboflavin 
vitamers observed in this research. 
4. Investigations into lowering the riboflavin content in malt and/or wort could be 
undertaken to produce wort that can be used to produce a beer that is less 
susceptible to light strike and subsequent MBT formation. 
5. A wider range of yeast strains could be evaluated for their potential to utilise 
thiamine and riboflavin in fermenting wort. 
6. Further investigation is required into the effects of both thiamine and riboflavin on 
the spoilage potential of all known beer spoilage organisms, including different 
isolates (strains) of the organisms utilised in this research and the strict anerobic 
bacteria Pectinatus, Megasphaera, Selenomonas and Zymophilus spp. 
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Appendix 1 – Informed Consent and Sensory Testing 
Form 
Informed Consent Form    
PROJECT TITLE: 
 
Sensory evaluation of changes in quality characteristics of bottle-
conditioned beer during storage  
RESEARCHERS: Dr Frank Vriesekoop 
 Mr Barry Hucker 
 
Consent – Please complete the following information: 
 
I, __________________________________________________________________ 
 
of (address) ____________________________________________________________________   
 
Date of birth: __ __ / __ __ / __ __ __ __ (confirmation that participant is of  
                           (dd/mm/yyyy)                              legal drinking age) 
   
hereby consent to participate as a subject in the above research study.  
The research program in which I am being asked to participate has been explained fully to me, 
verbally and in writing, and any matters on which I have sought information have been answered 
to my satisfaction. 
 
I understand that:  
 all information I provide (including questionnaires) will be treated with the strictest confidence 
and data will be stored separately from any listing that includes my name and address, 
 aggregated results will be used for research purposes and may be reported in scientific and 
academic journals, 
 I am free to withdraw my consent at any time during the study in which event my participation 
in the research study will immediately cease and any information obtained from it will not be 
used, 
 once information has been aggregated it is unable to be identified, and from this point it is not 
possible to withdraw consent to participate, 
 involvement in the research will be strictly confidential, and I realise that the sample size is 
small and this may have implications for privacy/anonymity, 
 participation in this survey will not affect ongoing assessment, grades, etc. for any participant 
who is in any way in a dependent relationship (e.g. student-teacher) with any of the 
researchers, 
 people with moral or religious objections to the consumption of alcohol are advised not to 
participate in this study, 
 people with known yeast and/or gluten related intolerances are advised not to participate in 
this study. 
 
Participants Consent 
 
Signature: __________________________                                 Date: __ __ / __ __ / __ __ __ __ 
                 (dd/mm/yyyy) 
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Sensory evaluation of 
bottle conditioned beers  
 
Session date: _______________________________ 
Instructions to panellist 
You will be provided with three beer samples (labelled A, B and C), two of which will be 
the same beer and the third will be a different beer.  
The aim of this sensory evaluation is to identify which of the three beers is different. If 
you cannot tell the difference circle D.  
Please tick the appropriate box: 
Gender:   Male  Female 
Age:     18-24  25-34   35-44  45-54  55+ 
Sensory Evaluation Test-1 
Please circle which sample is the odd one out.  
If there is no apparent difference between any samples please circle D. 
 
 A  B  C  D (no difference between samples) 
 
If you did indicate that one beer was different please complete the following section 
 
Comparison of the different beer 
Using a scale from 1-5 please indicate your perceptions. Apply a “tick” or a “cross” to the 
appropriate box on the form supplied. 
First address the odour of the beer: 
Secondly address the visual appearance of the beer 
Lastly address the taste of the beer 
 
Sensory Evaluation Test-2 
Use the same form as for Test-1.  
Please indicate which beer is your preferred beer. Use A, B, or C; or “D” is you have no 
preference. 
Using the last column on the form; tick as many boxes as you wish to indicate which 
characteristics of your preferred beer, make it your preferred beer. 
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Sensory evaluation of 
bottle conditioned beers  
Test Number Test 1   Test 2 
        
(1
) 
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s
 
(2
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(3
) 
 N
o
 d
if
fe
re
n
c
e
 
(4
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(5
) 
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P
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Sample score 
(please circle) 
A B C D 
B
e
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r 
O
d
o
u
r 
p
e
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e
p
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o
n
s
 
Fruity             
Sweet (caramel/malt)             
Bitter             
Rancid             
Buttery             
Sulphury             
Sour             
Stale             
Yeasty/Bready             
Vegemite/Marmite             
V
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u
a
l 
a
p
p
e
a
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n
c
e
               
Darkness             
Cloudiness             
              
B
e
e
r 
T
a
s
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 p
e
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e
p
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o
n
s
 
Fruity             
Sweet (caramel/malt)             
Bitter             
Rancid             
Buttery             
Sulphury             
Sour             
Stale             
Yeasty/Bready             
Vegemite/Marmite             
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